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FOREWORD 


The  Environmental  Protection  Agency  was  created  because  of  increasing 
public  and  government  concern  about  the  dangers  of  pollution  to  the  health 
and  welrare  of  the  American  people.  Noxious  air,  foul  water,  and  spoiled 
and  are  tragic  testimony  to  the  deterioration  of  our  natural  environment. 
The  complexity  of  that  environment  and  the  interplay  between  its  components 
require  a  concentrated  and  integrated  attack  on  the  problem. 

Research  and  development  is  that  necessary  first  step  in  problem 
solution  and  at  involves  defining  the  problem,  measuring  its  impact,  and 
searching  for  solutions.  The  Municipal  Environmental  Research  Laboratorv 
develops  new  and  improved  technology  and  systems  for  the  prevention,  treat¬ 
ment,  and  management  of  wastewater  and  solid  and  hazardous  waste  pollutant 
discharges  frcm  municipal  and  community  sources,  for  the  preservation  and 
treatment  of  public  drinking  water  supplies,  and  to  minimize  the  adverse 
economic,  social,  health,  and  aesthetic  effects  of  pollution.  This  publi¬ 
cation  is  one  of  the  projects  of  that  research;  a  most  vital  communications 
link  between  the  researcher  and  the  user  community. 

_  The  recent  use  of  high  purity  oxygen  in  the  activated  sludge  process 
represents  an  important  advance  in  wastewater  treatment.  This  report 
evaluates  materials  of  construction  for  use  in  high  purity  oxygen  treatment 

plants  and  thus  improves  the  application  of  oxygen  technology  in  wastewater 
treatment. 


Francis  T.  Mayo 
Director 

Municipal  Environmental  Research  Laboratory 


ABSTRACT 


This  research  study  was  initiated  to  identify  resistant  materials  for 
construction  of  wastewater  treatment  plants  using  the  oxygen  activated  sludge 
process. 

In  this  investigation,  samples  of  a  broad  range  of  construction  mate¬ 
rials  were  exposed  for  periods  up  to  28  months  in  the  aeration  basins  of 
three  operating  municipal  wastewater  treatment  plants.  All  three  plants  were 
using  oxygen-activated  sludge  processes  during  the  exposure  period.  Mate¬ 
rials  exposed  included  raetallics,  portland  cement  concretes,  protective 
coatings  for  steel  and  for  concrete  surfaces,  sealers  for  joints  in  concrete, 
and  plastic  and  rubber  materials.  An  economic  analysis  was  also  conducted  to 
evaluate  the  impact  of  materials  recommendations  generated  by  the  exposure 
testing. 

This  report  was  submitted  in  fulfillment  of  Contract  No.  EPA-IAG-0 187(D) 
by  the  Bureau  of  Reclamation  under  the  sponsorship  of  the  U.S.  Environmental 
Proection  Agency. 
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SECTION  1 


INTRODUCTION 

tr  COpe  Y*th  ever-increasing  quantities  of  wastewaters  to  be 

reated;  considerable  emphasis  is  now  being  placed  on  the  use  of  new  cost- 
ffective  advanced  treatment  processes.  One  such  process  is  aeration  with 
high  purity  oxygen  m  lieu  of  the  traditionally  used  atmospheric  air.  The 
use  of  oxygen  ror  aeration  offers  more  efficient  and  mmni  « 
tio„  th«  obtainable  usi„g  ,ir.  Created  eH Uie„“  ^  u7Zlt' 

eduction  in  retention  time  will  result  in  allowing  existing  facilities  to 
ncrease  their  capacities  or  throughput  rates  without  increasing  physical 
f“  “i^r8!  notwithstanding,  it  was  recognised  that  the  use 

tLn  Yr  •  ?  d  ludge  Process  may  result  in  accelerated  deteriora- 

treatment^lants^  *  “t  conventional  wastewater 

of  Pn!US’cin  an  En'fironmental  Protection  Agency-sponsored  study,  the  Bureau 

tLn  c ^SM°VaS  ia-S£d  With  identifyi"8  resistant  materials  of  construc¬ 
tion  suicaoie  for  use  in  plants  using  this  advanced  process.  In  this  Ws 

Ero!i10n?  san?p)es  of  a  broad  range  of  construction  materials  were  exposed 

t UP  t0  28  m°nthS  in  the  aeration  basins  of  three  o  L- 
ng  municipal  wastewater  treatment  plants.  All  were  using  oxygenated  ? 

activated  sludge  processes.  Materials  exposed  included  metallics  Portland 
cement  concretes,  protective  coatings  forsteel  and  for  Tontlete  sulflds 
ealers  for  joints  m  concrete,  and  plastic  and  rubber  materials  The  three 
est  sites  were  the  Tapia  Water  Reclamation  Facility,  CatabLa  CaU^a 

[llll  !  LhdS  W3Stewater  Treatment  Plant,  Indianapolis!  In  an 

( site  3  ’  Tgate  Wa®5*water  treatment  plant,  Alexandria,  Virginia 

: lilt  ll:* !  p  US6S  a  dlfferent  ^ygen  process  and  all  three  plants 

treat  mostly  domestic  sev/age.  ^ 

An  economic  analysis  was  conducted  to  evaluate  the  impact  of  materials 
recommendations  generated  by  the  exposure  testing  on  construction  costs. 
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SECTION  2 


CONCLUSIONS 

Many  variables  require  consideration  in  arriving  at  sound  materials 
selection.  These  factors  include  mechanical  requirements,  reliability,  main¬ 
tenance  considerations,  wastewater  chemistry,  materials  availability  and  ease 
of  specification,  and  safety  considerations.  Because  the  multidisciplinary 
nature  of  these  facets  is  not  within  or  is  only  marginally  within  the  scope 
of  the  authors'  expertise,  no  effort  has  been  made  to  recommend  materials  of 
construction  for  every  component  in  oxygenated  wastewater  treatment  plants. 
Rather,  below  is  a  list  of  materials  which  were  shown  to  be  resistant  to  this 
environment  as  indicated  by  this  study.  As  applicable,  the  materials  are 
listed  in  order  of  resistance  (highest  resistance  first)  or,  in  the  case 
where  more  than  one  material  displayed  identical  resistance,  in  alphabetical 
order. 

1.  Concretes.  - 

a.  High-quality  conventional  concretes  made  with  either  Type 
II  or  Type  V  portland  cement  are  suitable  for  oxygenated  waste- 
water,  secondary  treatment  tank  construction.  The  selection  of 
type  of  cement  used  should  be  based  on  the  sulfate  concentration 
of  the  particular  wastewater.  In  plants  where  primary  treatment 
does  not  remove  all  debris,  either  additional  sacrificial  thick¬ 
nesses  of  concrete  or  a  protective  coating  may  be  needed. 

b.  Significant  reductions  in  strength  occurred  in  the 
polymer-impregnated  concrete.  Nevertheless,  strengths  remained 
higher  than  for  non  imp  regnat ed  concretes.  Therefore,  further 
long-term  tests  would  be  required  to  assess  the  performance  of 
this  material. 

2*  Steel  embedded  in  concrete.  -  A  41-mm  (1.6-inch)  thick  cover 
of  dense,  high-quality  concrete  provides  excellent  corrosion  protection 
for  embedded  steel. 

3.  Alloys.  ~ 

a.  The  following  alloys  may  be  used  unprotected  in  these 
environments.  However,  normal  sound  corrosion  engineering  prin¬ 
ciples  should  be  followed,  e.g.,  adverse  bimetallic  couples  should 
not  be  exposed. 


(1)  Stainless  steel,  Type  201 


(2) 

(3) 

(4) 

(5) 

(6) 
(7) 


Stainless  steel,  Type  304 
Stainless  steel,  Type  316 
Sensitized  stainless  steel.  Type  304 
Sensitized  stainless  steel  TyJJ  316 
Deoxidized  copper  yP  316 

Austenitic  cast  iron 


these  environ  r"  3/  ™  be  etposed  unprotected  u 

protection  widely  practicedVtSe  Ld„“r “  *  f°r"  °f  “""'™ 

(1)  Aluminum  alloy  6061 

(2)  Gray  cast  iron 

(3)  Low  alloy  steel 

(4)  Mild  steel 


^ '  Plastics  and  rubbe 


rs . 


a  e  Th e  lack  of  s  ob  s  i ai  a  *  &  £ 

of  polymers  tested  between  tap  water  and "was t"  Physical  Parties 
well  as  between  gas  and  liqU0r  Jill  *  "^ewater  exposures  as 

lty  of  Polymers  known  to  be  sensitive^8’  ^  th<2  relative  stabil- 
the  exposures  encountered  in  this  study VXldatlon’  indicates  that 
oxidation  environment  for  higher  pol^rs!  "  rePresent  *  severe 

water'trea'tme'nt'pL^ts^sing'  ox^gen'fol  Pr°dUCtS  f°r  USe  ia  waste~ 

the  basis  of  established  engineerinc  nr  3eratl0n  should  be  made  on 
specific  intended  use.  Products  shoufJT  d\Ctated  the 
for  resistance  to  bacterial  attack.  especially  formulated 


Protective  coatings.  - 
a-  For  steel  surfaces 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 


C-12 


C-16 


Phenolic-epoxy,  proprietary,  coating  No 
Ureth  proprietary,  coating  No.  c-9 

Coal  tar  epoxy,  MIL-P-23236,  Type  I  class  2 
coating  No.  c-4  ’  Liass  2, 

Phenolic  propj-igfary,  coating  No.  c-8 

Pheno  1  i c-e" *  ^  COati"S  ^2 

Urethanp  poxy 5 # proprietary ,  coating  No. 

i  >  proprietary,  coating  No  013 
Vinyl  resin,  USB*  VR-3,  coating  No. ^c-1 

t>.  For  concrete  surfaces 

(2)  U«?hane'ep“ph«aryiecort;  CMting  N°-  c‘12 

<3>  Coal-tar' ...  2 
coating  No.  C-4  yv  uiass  2, 
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(4)  Phenolic-epoxy,  proprietary,  coating  No*  C-16 

(5)  Urethane,  proprietary,  coating  No.  C-7 


6.  Sealers  for  concrete  joints.  - 

a.  Silicone,  one-component,  low  modulus,  sealer  No.  S-4 

b.  Polysulfide,  two-component,  Federal  Specification 

TT-S-00227,  sealer  No.  S-3 

7.  Added  costs  of  the  more  durable  materials,  indicated  for  use  by 
the  results  of  this  study,  are  negligible  when  compared  to  total  con¬ 
struction  costs. 
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SECTION  3 


Tapia  Site 


EXPOSURE  CONDITIONS 


■it.  2E£“.""  S's4, toXTT^Vrr^  « «•■  *■*. 

spiral-flow  aeration  tank  figures' I'8"  *  15‘f°0t)  Wat~  <£«■ 
Nominal  fiow  is  44  <>8  £/«  n 

return  activated  sludge  Hieh-m'iri  t-§  ^  Primary  effluent  plus  30  percent 

liquor  from  special  submerge? aJra [^if?  “  d\ffU8ed  int°  the 

of  the  tank,  8  aeration  diffusers  along  one  side  of  the  length 

Oxygen  not  dissolved  or  utilized  in  tha  :  .  , • 

inflated  polyvinyl  chloride  tent  which  covers  ^  7°*  “  captured  by  « 

oxygen,  together  with  other  eases  mni  vers  and  fea}s  the  tank.  This 
metabolism,  is  then  recycled  intothe  mixed3!?0  dl°Xlde>  a  Product  of  organic 
centri fugal  blLr.  T  ite”  ,  T  ^  “.»*»  V  ‘  <‘.8  x  10* 
the  opposite  side  of  the  tank  to  provide  eh  he  aeration  diffusers  along 
spiral-flow  agitation  of  the  mixed  uj^r  "  nation  and  the 

Speedway  and  West gate  Sites 

4»  5>  and  6).  In  bot^these plants ^high31"16"!  °Xy8en  COntact  tanks  (figures 
gaseous  zone  between  the  liquid  surf a^and  theVT56"  “  f®d  int0  the 
pressure  [approximately  17-kPa  (2  5  Ih/ln^  ?  *  k  C0V?r  under  moderate 
impellers  at  the  liquid  surface  and  at  a  •  A  mechanical  agitator  with 

depth,  diffuses  the  high-concentratil  appr°Xlmately  °ne-half  the  liquid 
liquor.  (The  impeller  at  the  Unu^?  7^  atmosPhere  «to  the  mixed 
test  specimens  exposed  in  the  gaseous  phf se!) reSUlted  in  splashinS  on  the 

period  are  shown  in ^ table ^  ^EssentiallyT “  f^^8  the  Sample  exPosure 
are  provided  to  reflect  both  SI  and  English  units!) 6  applicable> 

fraatm^f^fL'L’oton'ifr^a^^raa:  J1'?  *«  '*>«  P^ary 

other  too  sites  have  co.pLte  “,rl-  “* 

Specimen  Location 


Test 

liquor)  of 


specimens  were  exposed 
the  covered  aeration 


m  three  zones  (gaseou 
basins  at  each  of  three 


s, 

t 


interface 
est  sites. 


and 
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Figure  1.  Overall  view  of  the  Tapia  Water  Reclamation  Facility  (site  1), 
Calabasas,  California.  Polyvinyl  chloride  tent  covering  the  secondary  tank 
in  which  exposures  were  made  is  shown  in  the  left  foreground. 


Figure  2.  Closer  view  of  the  polyvinyl  chloride  tent  at  site  1. 
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Figure  5.  View  of  Westgate  plant  (site  3).  Motors  drive  impellers  located 
at  the  liquor  surface  and  in  the  liquor.  This  plant  utilizes  steel  covers 


Figure  6.  View  of  site  3  ter.!:  v;  rh  cover  removed  to  show  splashing  caused 
by  the  surface  impeller.  Test  specimens  were  exposed  to  this  splash  zone 
effect. 
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Site  No.  1  Tapia  Water  Reclamation  Facility,  Calabasas,  California 
Site  No.  2  -  Speedway  Wastewater  Treatment  Plant,  Indianapolis,  Indiana 
Site  No.  3  -  Westgate  Wastewater  Treatment  Plant,  Alexandria,  Virginia 


Racks  for  exposing  the  specimens  at  site  1  were  fabricated  of  carbon 
steel;  the  racks  were  then  hot-dip  galvanized  (figure  7).  Racks  used  in 
sites  2  and  3  were  constructed  of  stainless  (Type  304)  steel  (figure  8). 
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Figure  7.  Typical  rack  used  to  expose  test  specimens  at  the  Tapia  plant. 


Figure8.  Racks  for  supporting  test  specimens  at  the  Speedway  plant. 
Similar  but  shorter  racks  were  used  at  the  Westgate  plant. 
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SECTION  4 


SPECIMEN  INSTALLATION  AND  EXAMINATION 


No  modifications  were  necessary  to  enable  the  installation  of  rh*  ^  - 

““  '■  PUnt  were  n.cn^, ‘IjtaV.i  es  2  “d 

of  r  i  e«  Sir<Z;  f°:ld  bS  Th.  modifications  consisted 

substituting  s^nl^:. *"d 


Initially,  examinations  were  scheduled  for 
periods.  The  actual  examinations  were  performed 
schedule  below: 


3,9,  and  18-month  exposure 
in  accordance  with  the 


Examination 

No.  1 
No.  2 
No.  3 
Final 


Exposure 
Site 

3 

10 
22 


_ months 

Sites  2  and  3 

3 

10 

20 

28 


1 


time 


2  2 


SECTION  5 


Concrete 


EVALUATION  PROCEDURES 


Three  types  of  port land  cement  concrete  were  exposed:  (1)  Type  II 
cement,  (2)  Type  V  cement,  and  (3)  polymer- impregnated  concrete  (PIC) 
consisting  of  Type  II  cement  concrete  which  was  impregnated  with  the  monomer, 
methyl  methacrylate,  and  polymerized.  Mix  designs  for  the  concretes  are 
contained  m  the  Appendix  (Section  9). 

Concrei.es  were  evaluated  by  (1)  determination  of  compressive  strength 
change,  (2)  determination  of  length  change,  and  (3)  visual  examination  for 
change  in  surface  condition.  Length  determinations  and  visual  examinations 
were  conducted  at  the  exposure  locations.  Compressive  strength  specimens  were 
snipped  to  the  Denver  Laboratories  for  testing. 

Compressive  strength  specimens  were  standard  76-  by  130- mm  (3.0-  by 
6  * 0-inch)  cylinders.  The  length  change  cylinders  (also  76-  by  150-mm)  were 
fitted  with  standard  metal  inserts  for  length  measurements. 

Steel  Embedded  in  Concrete 

Samples  of  concrete  containing  short  sections  of  reinforcing  steel  were 
exposed  to  determine  the  effect  of  the  test  environments  on  the  corrosion  V'f 
rate  of  the  embedded  steel.  The  reinforcing  steel  sections,  100  mm  (4.0  ^ 

inches)  iong  by  19  mm  (0.75  inch)  diameter,  were  cast  in  100-  by  100-  by 
200-mra  (4.0-  by  4.0-  by  8.0-inch)  long  concrete  (Type  II,  Type  V,  and  PIC) 
prisms,  providing  a  concrete  cover  of  41  mm  (1.6  inches)  minimum  over  the  ’ 

steel.  Copper  lead  wires  were  attached  to  the  reinforcing  steel  prior  to 
concrete  placement  to  provide  access  for  electrical  tests. 


hi 


Measurement  of  corrosion  was  accomplished  by  two  nondestructive  methods 
including  steel- to-electrolyte  potential  measurement  and  corrosion  current 
determination. 


Steel~to-€ 
electrode  (CSE> 
those  specimens 
steel-to-electr 
crete  is  in  the 
ion  develops,  t: 
minus  0.55  volt 
polarization  br 
Standards,  desc 


::lectrolyte  potential  was  referenced  to  copper-copper  sulfate 
'•  Magnitude  of  corrosion  current  was  then  determined  only  on 
showing  a  high  negative  (more  negative  than  minus  0.30  volt) 
olyte  potential.  The  potential  of  uncorroded  steel  in  con- 
range  of  minus  0.10  to  minus  0.30  volt  to  CSE.  When  corros- 
he  potential  drops  to  that  of  corroding  steel  which  is  about 
to  CSE.  Determination  of  corrosion  current  was  by  the 
eak  method,  devised  by  Swerdtfegar  of  the  National  Bureau  of 
nbed  m  the  Appendix. 
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The  results  of  the  nondestructive  tests  conducted  at  the  exposure  sites 
were  compared  to  actual  corrosion  of  the  embedded  steel  as  determined  after 
removal  of  the  concrete  cover  at  the  conclusion  of  the  test. 

Alloys 


1.  Unstressed  specimens.  -  Circular  coupons  [56.7  mm  (2.23  inches)  in 
diameter]  were  exposed  on  standard  corrosion  test  spools.  All  wrought  alloy 
specimens  were  1.6  mm  (0.063  inch)  thick  and  the  coupons  of  cast  alloys  were 
3.2  mm  (0.13  inch)  thick.  Metals  and  alloys  tested  are  identified  in  table  2 
and  mill  test  data  appear  in  table  3.  Test  spools  were  fabricated  of  Type 
316  stainless  steel  and  individual  coupons  were  insulated  from  the  spool  and 
from  each  other  through  use  of  teflon  rod  insulators  and  teflon  spacers. 
Duplicate  specimens  of  each  alloy  were  exposed.  Spacing  between  coupons  was 
13  mm  (0.50  inch).  The  spacers  also  provided  a  crevice  whereby  concentration 
effects  could  be  evaluated. 

Sufficient  replicate  specimens  were  exposed  such  that  duplicate  speci¬ 
mens  could  be  shipped  to  the  Denver  Laboratories  for  evaluation.  Average 
corrosion  rate  was  computed  from  weight  loss  data,  and  localized  corrosion 
was  determined  through  pit  depth  measurements.  Procedures  for  preparation 
of  coupons  for  exposure  and  cleaning  of  specimens  after  exposure  are 
described  in  the  Appendix. 

2.  Stressed  specimens.  -  In  addition  to  the  unstressed  circular  cou¬ 
pons,  stressed  specimens  of  the  wrought  metals  and  alloys  were  also  pre¬ 
pared.  The  stress  specimens  [200  by  13  by  1.6  mm  (8.0  by  0.50  by  0.063 
inch)]  were  bent  over  a  25-mm  (1.0-inch)  mandrel  and  retained  in  this  posi¬ 
tion  to  provide  plastic  deformation  as  well  as  high  tensile  stresses. 

Stressed  specimens  were  evaluated  by  visual  examination  for  cracking. 
Rubber  and  Plastics 


Materials  selected  for  exposure  are  listed  in  table  4. 

Twelve  rubber  materials  were  selected  for  exposure.  Duplicate  sets  of 
dumbbell-shaped,  tensile  specimens  were  cut  from  each  material  in  accordance 
with  A STM :  D  412.  Holes  for  mounting  specimens  on  the  racks  were  punched 
13  mm  (0.50  inch)  from  each  end  of  the  specimens.  The  specimens  were  then 
looped  (end  to  end)  and  retained  in  this  position  to  provide  both  stressed 
and  unstressed  areas  during  exposure. 


The  three  flexible  plastic  sheeting  materials  were  cut  into  duplicate 
25-mm  (1.0-inch)  wide,  parallel  edge,  tensile  test  strips  in  accordance  with 
ASTM:  D  882.  These  specimens  were  not  looped  since  stress  relaxation 

characteristics  of  the  flexible  plastic  do  not  make  this  appropriate. 
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TABLE  2.  -  IDENTIFICATION  -  ALLOYS 
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TABLE  4 


IDENTIFICATION  -  RUBBER  AND  PLASTIC  MATERIALS 


Rubber  She 3 tip. g 


Neoprene  -  Gnco  Western,  Inc0 
EP^.-i  •*  Car  lisle  Tire  and  Rubber  Company 
Butyl  "*  Carlisle  Tire  and  Rubber  Company 
CSPE  -  Gaco  Western,  Inc© 

Natural  -  Goodyear  Tire  and  Rubber  Company 
Polyacrylate  -  Thiokol  Chemical  Corporation 
Butyl  -  Gates  Rubber  Company 
EPDM  -  Gates  Rubber  Company 

Butyl~E!-'M  blend  -  Press tite  Division,  Interchemical  Corporation 
Silicone  -  Dow  Corning  Corporation 
Nitrile  Butadiene  -  Bo  F«  Goodrich  Chemical  Company 
Silicone  -  General  Electric  Company 

Plastic  Sheeting 

B-6273  CSPE  -  Reeves  Brothers ,  Inc* 

B-6475  CPE  -  Goodyear  Tire  and  Rubber  Company 
R-6514  PVC  -  Pantasote  Plastics  Company 

Fabric  Reinforced  Flexible  Sheet! rig 

B--6386  Nylon  reinforced  CSPE  —  Burke  Rubber  Company 

E-6399  Nylon  reinforced  EPDM  m  Firestone  Coated  Fabrics  Company 

B-6464  Nylon  reinforced  Butyl  -  Plymouth  Rubber  Company,  Inc. 

B-6467  Nylon  reinforced  CPE  -  Snyder  Manufacturing  Company 

B-6468  Nylon  reinforced  CPE  -  Snyder  Manufacturing  Company 

jy. g id  Pol ym era 

Ep oxy - fiberglass  -  Shell  Chemical  Company 
Polyester-fiberglass  -  Atlas  Chemical  Industries,  Inco 
Vinyl -fife erg las 3.  -  Bow  Chemical  Company 
RPM  pipe  -  Johns-Manville  Corporation 
HD PE  —  Rancor,  Inc0 


R3-1 

RS-2 

RS-3 

RS-4 

RS-5 


R-5 

R-8 

R~17 

R-18 

R-25 

R-27 

R-29 

R-30 

R-31 

R-32 

R-34 

R-532 


EPDM  -  Ethylene  Propylene  Diene  Monomer 
CSPE  -  Chloroaulfonafced  Polyethylene 
CPE  —  Chlorinated  Polyethylene 
PVC  -  Polyvinyl  Chloride 
RPM  -  Reinforced  Plastic  Mortar 
HDPE  ™*  High  Density  Polyethylene 


The  five,  fabric-reinforced,  flexible  synthetic  materials  were  cut  into 
76-  by  100-mra  (3*0™  by  4*0~inch)  specimens  for  hydrostatic  pressure  testing 

according  to  AS Ili :  D  751,  diaphragm  burst  method. 

These  specimens  were  also  exposed  in  a  looped  condition  to  provide  both 
stressed  and  unstressed  areas. 

Four  rigid,  fiberglass-reinforced  polymers  were  cut  into  51-  by  150-mm 
(2.0-  by  6,0-inch)  samples  for  exposure.  Edges  of  the  exposed  specimens  were 
sealed  with  epoxy  cement  to  reduce  possible  wicking  in  the  reinforcement. 

Upon  removal  from  exposure,  these  were  bisected  and  trimmed  to  produce  13-  by 
150-mm  (0*50-  by  6 .0-inch)  specimens  for  flexure  testing  in  accordance  with 
ASTM:  D  790,  Method  I. 

High-density,  polyethylene  drain  tubing  samples  were  cut  into  100-mm 

(4.0-inch)  long  specimens  for  visual  examination. 

The  rubber  and  plastic  materials  were  visually  inspected  at  the  time  of 
removal  from  the  exposure  environment  and  then  shipped  to  the  laboratory  for 
testing.  In  the  laboratory  the  specimens  were  photographed  and  washed. 

Vapor  specimens  were  hand  dried  and  placed  in  an  atmosphere  of  50  percent 
relative  humidity  and  23°C  for  a  minimum  of  3  hours  before  testing.  Inter¬ 
face  and  liquox  specimens  were  immersed  in  fresh  water  after  washing  and 
maintained  wet  until  2  minutes  (maximum)  before  testing. 

Protective  Coatings 


Initially,  nine  coating  systems  were  selected  for  exposure.  However, 
six  additional  materials  were  introduced  during  the  course  of  the  test.  Some 
of  these,  as  appropriate,  were  applied  to  both  metal  (mild  steel)  and  concrete 
(cement  mortar)  substrates.  Metal  panels  were  150  by  150  by  3.0  mm  (6.0  by 
6.0  by  0.13  inch)  and  the  concrete  panels  were  150  by  150  by  25  mm  (6.0  by  6.0 
by  1.0  inch).  The  systems  applied  are  shown  in  table  5. 

Surface  preparation  of  the  steel  panels  was  by  sandblasting  to  white 
metal;  whereas,  the  concrete  specimens  were  lightly  sandblasted  and  sack- 
rubbed  with  a  portland  cement- sand  grout  prior  to  coating. 

Specific  application  data  are  contained  in  table  6. 

The  coating  was  scored  in  an  X  pattern  on  one  150-  by  150-mm  (6.  0-  by 
6.0-iach)  surface  of  each  panel  to  determine  effects  of  discontinuities.  In 
addition  to  the  15  coating  systems  exposed  on  panels,  the  racks  used  to 
expose  the  test:  specimens  at  site  1  were  hot  dip  galvanized  to  provide  a  test: 
of  this  coating  material. 

Evaluation,  was  accomplished  by  periodic  visual  observation  at  the  test 
site,  and  visual  examination  in  the  Denver  Laboratories  at  the  end  of  the 
exposure. 
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TABLE  5.  IDENTIFICATION  -  PROTECTIVE  COATINGS  SYSTEMS 
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Exposed  at  site  1  only 


i.  APPLICATION  DATA  -  PROTECTIVE  COATING  SYSTEMS 
(metric  units) 


Total  dry 


Code 

Mo, 

Substrate 

Application  data 

Application 

method 

film 

thickness 

(mm) 

€-1 

Steel 

Four  coats 

Brush 

0.15 

Concrete 

First  coat  thinned  1:1  with  vinyl 
thinner  +  three  coats 

Brush 

0.15 

C-2 

Steel 

Primer  +  three  body  coats  +  two  seal 

coats 

Brush 

0.25 

C~3 

Steel 

Primer  +  one  coat 

Dip 

2.54 

Concrete 

Primer  +  one  coat 

Dip 

2.54 

C--4 

Steel 

Three  coats 

Brush 

0.50 

Concrete 

First  coat  thinned  1:1 

Brush 

0.50 

C-5 

Steel 

Primer  +  two  topcoats 

Brush 

0.38 

Concrete 

Primer  +  two  topcoats 

Brush 

0.38 

C-6 

Steel 

Two  coats 

Brush 

0.45 

Concrete 

Two  coats 

Brush 

0.45 

C-7 

Concrete 

Primer  +  topcoat;  topcoat  thinned  one 
pint/gallon  of  paint  with  1:1 
xylol/MEK  mixture 

Brush 

0.50 

£-8 

Steel 

Primer  (thinned  1  pint/gallon  with  Brush 

2:1  xylol /MEK  mixture)  +  two  topcoats 

0.50 

C-9 

Steel 

Airless  spray  application  by  manu¬ 
facturer 

Spray 

0,76 

Concrete 

Airless  spray  application  by  manu¬ 
facturer 

Spray 

0.76 

c~10 

Steel 

Electrochemical  application  to  gal¬ 
vanized  panels  by  manufacturer 

- 

- 

e-n 

Steel 

Hot-dip  galvanized 

Hot  dip 

0.07 

C-12 

Steel 

Five  coats 

Brush 

0.38 

Concrete 

First  coat  (thinned  1:1  with  manufac¬ 
turer's  thinner)  +  four  coats 

Brush 

0.38 

C-13 

Steel 

Three  coats 

Brush 

0.88 

Concrete 

Three  coats 

Brush 

0.88 

C-14 

Steel 

Primer  +  one  topcoat 

Brush 

0.38 

Cone rete 

Primer  +  one  topcoat 

Brush 

0.38 

C-15 

Concrete 

One  coat 

Brush 

0.38-0.50 

C-16 

Steel 

Three  coats 

Brush 

0.30 

Concrete 

First  coat  (thinned  1:1  with  manu¬ 
facturer's  thinner  ♦  two  topcoats 

Brush 

0.30 
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TABLE  6b.  APPLICATION  DATA  -  PROTECTIVE  COATING  SYSTEMS 
_ _ _ (English  unit 8)  _ 


Code 

No. 

Substrate 

Application  data 

Application 

method 

Total  dry 
film 

thickness 

(mils) 

C-l 

Steel 

Concrete 

Four  coats 

First  coat  thinned  1:1  with  vinyl 
thinner  +  three  coats 

Brush 

Brush 

6 

6 

C-2 

Steel 

Primer  +  three  body  coats  +  seal  coat 

Brush 

10 

C-3 

Steel 

Concrete 

Primer  +  one  coat 

Primer  +  one  coat 

Dip 

Dip 

100 

100 

C-4 

Steel 

Concrete 

Three  coats 

First  coat  thinned  1:1  with  gylene 

Brush 

Brush 

20 

20 

C-5 

Steel 

Concrete 

Primer  +  two  topcoats 

Primer  +  two  topcoats 

Brush 

Brush 

15 

15 

C-6 

Steel 

Concrete 

Two  coats 

Two  coats 

Brush 

Brush 

18 

18 

C-7 

Concrete 

Primer  +  topcoat;  topcoat  thinned 

1  pint/gallon  of  paint  with 

1:1  xylol/MEK  mixture 

Brush 

20 

C-8 

Steel 

Primer  (thinned  1  plnt/gallon  with  Brush 

2:1  xylol /MEK  mixture)  +  two  topcoats 

20 

C-9 

Steel 

Concrete 

Airless  spray  application  by  manufac¬ 
turer 

Airless  spray  application  by  manufac¬ 
turer 

Spray 

Spray 

30 

30 

C-10 

Steel 

Electrochemical  application  to  gal¬ 
vanized  panels  by  manufacturer 

- 

- 

C-ll 

Steel 

Hot-dip  galvanized 

Hot  dip 

3 

C-12 

Steel 

Concrete 

Five  coats 

First  coat  (thinned  1:1  with  manufac¬ 
turer's  thinner)  <■  four  coat* 

Brush 

Brush 

15 

15 

C-13 

Steel 

Concrete 

Three  coats 

Three  coats 

Brush 

Brush 

35 

35 

C-14 

Steel 

Concrete 

Primer  +  one  topcoat 

Primer  +  one  topcoat 

Brush 

Brush 

15 

15 

C-15 

Concrete 

One  coat 

Brush 

15-20 

C-16 

Steel 

Concrete 

Three  coats 

First  coat  (thinned  1:1  with  manufac¬ 
turer's  thinner].  +  two  topcoats 

Brush 

Brush 

12 

12 
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Joint  Sealers 


iiiitialiy  three  synthetic  rubber,  joint  sealing  materials  were  exposed 
a  polysulfide,  a  polyurethane,  and  a  silicone,  all  two-component  sealers  con¬ 
forming  to  the  physical  test  requirements  of  Federal  Specification  TT-S-227 
During  the  course  of  the  tests,  two  additional  materials  were  exposed  a  * 
coal  tar  extended  polysulfide  material  conforming  to  USBR  specifications  and 
normally  used  lor  sealing  contraction  joints  in  concrete  canal  lining,  and  a 
single-component,  low  modulus  silicone  sealant.  The  sealers  exposed  are 
;?  ;Va  l:n7:  These  materials  were  cast  in  a  150-  by  13-  by  13-mm  (6.0- 
by  0.50  by  0._0-mch)  joint  formed  by  two  concrete  (cement  mortar)  slabs. 

Two  specimens  of  each  sealer  were  prepared  for  exposure  in  each  zone 

(nil  CUru?8’  °ne  8peciraen  was  extended  25  percent  to  a  joint  width  of  16  mm 
(0.63  inch)  anc.  the  other  compressed  25  percent  to  9.5-mm  (0.38-inch)  joint 
width.  J 


Evaluation  was  accomplished  by  visual  observation  for  adhesive  or 
cohesive  failure  as  well  as  for  surface  degradation. 


23 


W 

PP 


< 

H 


CO 

u 

c 

<D 

o 

CO 

r— < 

•H 

CO 

4M 

CO 

CD 

CO 

CO 

CO 

O 

r* 

CO 

•H 

cm 

CM 

CM 

t-M 

rM 

Mm 

CM 

CM 

CM 

o 

CO 

•M 

| 

1 

1 

C 

a 

CO 

CO 

CO 

1 

OS 

CO 

0) 

1 

I 

1 

PQ 

u 

cl 

H 

H 

H 

CO 

CO 

H 

H 

H 

PD 

CO 

4-> 

MM 

C 

o 

<D 

a 

CM 

CM 

CM  CM 

H 

-H  CM 

• 

o 

o 

o- 

2 

0 

o 

o 

4J 

C 

CO 

Ll 

CO 

•» 

<D  4J 

rM 

Ll 

c 

e  a 

CO 

Li 

CD 

O 

•H  CO 

CD 

CD  <J- 

M 

•  r-t 

M  r-M 

CO 

0  1 

D 

4-) 

CL  CO 

*H  W 

■U 

CO 

<D 

4-1 

Li 

o 

c 

<t  CO 

M 

p> 

CL  i— i 

CO 

60 

<D  X 

Li 

CO 

MM 

•H 

o 

*  O 

0  CD 

PL 

CT>  CD 

D 

CO 

O 

O  r- 

*H  H 

r-M 

O  CO 

C 

CD 

MP 

2  CM 

M  MM 

•  H 

<t  1 

cO 

T3 

f—H 

a  a 

CO 

1 

X 

1 

a  o 

Ll 

1 

PH  «-» 

w 

^  as 

o  o 

w 

«  0 

o 

Pm  (X 

CM  PC 

o 

H  Pm 

>> 

>> 

c 

c 

CO 

cO 

a 

CL 

0 

0 

Lt 

O 

>> 

O 

0) 

o 

c 

V 

M 

to 

C 

D 

CJ 

CL 

O 

0) 

4J 

*H 

C 

0 

•H 

o 

L 

O 

o 

Li 

4-» 

CO 

4J 

•rM 

u 

4J 

>> 

CM 

O 

U 

O 

r-M 

3 

a> 

CO 

a) 

<D 

O 

c 

rH 

Lt 

o 

r-M 

PL 

CO 

w 

O 

CO 

w 

>> 

X 

a 

Ll 

C  C 

H 

Ll 

O 

r-M 

C0  CO 

CO 

O 

CO 

O  CL 

U 

o 

• 

P 

0 

<D 

ffj 

0) 

Li  O 

Cl 

a 

c 

CD  O 

<D 

as 

• 

<D 

0 

o 

Pm 

O 

<C 

CD 

CD 

•rM 

X) 

MM 

o 

•M 

• — 1 

-.M 

a> 

CD 

CD 

MM 

CD 

Li  P3 

Ll 

pl 

C 

C 

i-M 

C 

CO  C0 

CD 

O 

CO 

PJ 

O 

4J  >> 

c 

-u 

u 

rC 

CO 

O 

1  rM 

0) 

*  H 

4-1 

>. 

•H 

^  o 

o 

t-M 

<D 

rM 

r-M 

CO  CL 

« H 

M 

O 

•H 

O 

CO 

P 

Pm 

CO 

O 

CD 

T3 

* 

H 

CM 

O^i 

<J- 

m 

o 

o 

1 

1 

1 

1 

1 

o 

525 

CO 

CO 

CO 

CO 

CO 

24 


SECTION  6 


TEST  RESULTS 


Concrete 

1*  Compressive  strengths  -  Compressive  strength  test  results  are  shown 
in  tables  8,  9,  and  10 * 

a.  Conventional  concretes  made  using  Types  II  and  V  cement  show  no 
loss  of  strength  at  any  exposure  site, 

bo  PTC  specimens  showed  large  variations  in  strength  under  most 
exposure  conditions.  For  sites  2  and  3,  all  exposures  resulted  in  loss 
of  strength. 

2,  Length  change.  -  Length  change  results  are  shown  in  tables  11,  12, 
and  13.  Table  1.4  and  figures  9,  10,  and  11  show  the  effect  of  immersion  in 
tap  water  on  weight  increase  of  the  control  specimens. 

a.  Conventional  concretes  made  using  Types  II  and  V  cement  show  no 
continuing  tendency  to  increase  in  length.  Increases  in  lengths  were 
also  well  below  the  0*2  percent  generally  accepted  by  the  Bureau  as 
indicative  of  impending  failure  from  sulfate  attack.  (Complete  failure 
by  sulfate  attack  is  considered  to  be  0.5  percent  expansion.) 

bo  The  effect  of  site  exposures  and  laboratory  immersion  on  the 
lengths  of  the  PIC  specimens  are  shown  in  figures  12,  13,  and  14.  The 
specimens  continue  to  increase  in  length  with  duration  of  exposure. 
Although  much  less  water  is  absorbed  by  the  PIC  specimens  than  the  two 
conventional  concretes,  their  increase  in  length  after  22  and  28  months 
of  exposure  is  of  the  same  order  of  magnitude  as  the  conventional 
concretes, 

3*  Surface  conditions.  -  Generally,  only  minor  changes  in  surface 
appearance  have  occurred  at  sites  1  and  2.  At  site  3,  erosion  of  the  surface 
was  experienced  as  shown  in  figure  15. 

a.  Concrete  made  with  Type  V  cement  suffered  the  most  severe 
erosion  damage. 

b.  Less  severe  erosion  damage  was  observed  on  concrete  made  using 
Type  II  cement. 

c«  PIC  was  only  slightly  altered  in  appearance  by  the  erosion- 
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TABLE  8a.  CONCRETE  COMPRESSIVE  STRENGTH  TEST  RESULTS  -  SITE  1* 
_ _ (metric  units) _ 
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##  Based  on  three  specimens. 

###  Strength  before  impregnation  has  little  effect  on  final  strength,  and  after  impregnation, 
additional  cure  time  does  not  increase  strength. 


TABLE  8b.  CONCRETE  COMPRESSIVE  STRENGTH  TEST  RESULTS  -  SITE  1* 

— _ _ _ _  (English  units) 
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TABLE  9a.  CONCRETE  COMPRESSIVE  STRENGTH  TEST  RESULTS  -  SITE  2* 

(metric  units) 
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trength  before  impregnation  has  little  effect  on  final  strength,  and  after  impregnation,  additional 
ure  time  does  not  increase  strength. 


TABLE  10b.  CONCRETE  COMPRESSIVE  STRENGTH  TEST  RESULTS  -  SITE  3* 
_ (English  units) 
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***  Concrete  age  when  specimens  first  exposed:  8  months. 

#  Based  on  length  change  specimens  with  inserts  sawed  off,  results  corrected  to  length/diameter  -  2.0. 

##  Strength  before  impregnation  has  little  effect  on  final  strength,  and  after  impregnation,  additional 
cure  time  does  not  increase  strength* 


TABLE  11.  CONCRETE  LENGTH  CHANGE  TEST  RESULTS  -  SITE  1* 
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##  Specimens  could  not  be  removed  from  exposure  to  determine  their  lengths  after  3  months'  exposure. 


TABLE  12.  CONCRETE  LENGTH  CHANGE  TEST  RESULTS  -  SITE  2* 
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TABLE  13.  CONCRETE  LENGTH  CHANGE  TEST  RESULTS  -  SITE  3* 
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TABLE  14.  CONCRETE  LENGTH  CHANGE  TEST  RESULTS  -LABORATORY*  EXPOSURES 


Concrete 

type** 

Control 
specimens 
for  site*** 

Nominal 
exposure 
time,  mo. 

Weight  change# 

30  percent  Denver  tap  water 

humidity,  73°F  room  temperature 

Grams  Percent  Grams  Percent 
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4.7 

0.31 

66.6 

4.31 

20 

6.6 

0.43 

67.0 

4.33 

28 

10.0 

0.66 

69.0 

4.46 

3 

0.6 

0.04 

67.1 

4.37 

3 

10 

2.6 

0.17 

69.2 

4.51 

20 

3.8 

0.24 

69.5 

4.52 

28 

7.3 

0.48 

71.8 

4.68 

3 

-1.7 

-0.11 

11.3 

0.71 

1 

10 

0.0 

0.00 

12.4 

0.78 

22 

2.4 

0.14 

18.1 

1.14 

3“ 

1.2 

6.08 

9.9 

0.62 

P 

2 

10 

1.9 

0.12 

17.4 

1.10 

20 

1.9 

0.12 

20.2 

1.27 

28 

3.8 

0.24 

23.2 

1.46 

3 

0.6 

0.04 

11.4 

6.72 

3 

10 

1.4 

0.09 

15.0 

0.94 

20 

1.2 

0.07 

17.0 

1.07 

28 

4.0 

0.25 

20.7 

1  .30 

*  E&R  Center  laboratories,  USBR,  Denver,  Colorado. 

**  II  -  Concrete  made  using  type  II  cement. 

V  -  Concrete  made  using  type  V  cement. 

P  -  Polymer-impregnated  concrete  made  using  type  II  cement. 

***  1  -  Tapia  Water  Reclamation  Facility,  Calabasas,  California 

2  -  Speed wey  Wastewater  Treatment  Plant,  Indianapolis,  Indiana 

3  -  Westgate  Wastewater  Treatment  Plant,  Alexandria,  Virginia 

#  Gain  (positive  values)  or  loss  (negative  values)  in  grams  and  percent 
based  on  the  original  weight  determined  at  time  of  exposure. 
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FIGURE  9.  EFFECT  OF  IMMERSION  IN  DENVER  TAP  WATER  ON  ABSORPTION 
BY  SITE  I  CONCRETE  CONTROL  SPECIMENS 


Cone  rite 


NIVO  1HOI3M  % 
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BY  SITES  CONCRETE  CONTROL  SPECIMENS 


%  INCREASE  IN  LENGTH 


LABORATORY  IMMERSION  EXPOSURE  ON 
LENGTH  OF  POLYMER  IMPREGNATED  CONCRETE 


%  INCREASE  IN  LENGTH 


FIGURE  13.  EFFECT  OF  SITE  2  EXPOSURES  AND  LABORATORY 
IMMERSION  ON  LENGTH  OF  POLYMER  IMPREGNATED  CONCRETE 


FIGURE  14  EFFECT  OF  SITE  3  EXPOSURES  AND 
LABORATORY  IMMERSION  EXPOSURE  ON 
LENGTH  OF  POLYMER  IMPREGNATED  CONCRETE 


Figure  15.  -  Concrete  prisms  exposed  at  site  3  for  28  months  depict  the 
damage  due  to  surface  abrasion.  Prefix  of  specimen  code  denotes  concrete 
type,  i.e.,  2-Type  II,  5-Type  V3  and  P-PIC;  suffix  indicates  exposure, 
i.e.,  G-gas,  I-interface?  L- liquor. 


Steel  Embedded  in  Concrete 


These  results  are  listed  in  tables  15,  16,  and  17.  The  corrosion  rates 
of  steel  embedded  in  concrete,  as  determined  by  steel-to-electrolyte  poten- 
tials  and  polarization  tests  and  as  verified  by  visual  examination  of  the 
steel  after  removal  of  the  concrete  cover  at  the  end  of  the  test,  were  found 
to  be  so  low  an  to  be  insignificant. 

Alloys 


1.  Unstressed  specimens.  -  Average  corrosion  rate,  maximum  pit  depth 
and  crevice  corrosion  results  appear  in  tables  18,  19,  and  20.  The  evalua¬ 
tion  of  the  data  has  been  summarized  in  table  21.  Alloys  were  evaluated  by 
assigning  ratings  based  on  their  overall  performance  in  all  three  exposure 
zones  of  all  three  test  sites.  The  ratings  were  assigned  in  accordance  with 
criteria  shown  in  the  table  below: 


Average  corrosion  rate  (x) 
M11/ yr  mils/yr 


xO 

3£x<25 

25<x<254 

x>5:54 


x<0„l 
0 .  K  x<  1 . 0 
1 . 0<x< 10.0 
x>10.0 


Maximum  pitting  rate  (y) 
ym/yr  mils/yr 


y<3 

3<y<25 

25<y<254 

y>254 


y<0.1 

0.1<y<l„0 

1.0<y<10.0 

y>10.0 


Rating 


1 

2 

3 

4 


Figures  16  through  21  show  typical  corrosion  of  exposed  specimens. 

The  alloys  are  rated  as  follows  according  to  their  performance  in  all 
three  exposure  zones  at  the  three  test  sites: 


a.  Highly  resistant  (rating  of  1.0) 

(1)  Stainless  steel,  Type  201  (Alloy  A-4) 

(2)  Stainless  steel.  Type  304  (Alloy  A-5) 

(3)  Stainless  steel,  Type  316  (Alloy  A-7) 

b.  Moderately  resistant  (1.0  <  rating  <  2.0) 

(1)  Sensitized  stainless  steel,  Type  304  (Alloy  A-6) 

(2)  Sensitized  stainless  steel,  Type  316  (Alloy  A-8) 

c.  Resistant  (2.0  <  rating  _<  3.0) 

(1)  Nickel  cast  iron  (Alloy  A-9) 

(2)  Deoxidized  copper  (Alloy  A-10) 

d.  Nonresistant  (rating  >  3.0) 

(1)  Gray  cast  iron  (Alloy  A-l) 

(2)  Mild  steel  (Alloy  A-2) 
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TABLE  15.  TEST  RESULTS  -  STEEL  EMBEDDED  IN  CONCRETE  -  SITE  1* 
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TABLE  16.  TEST  RESULTS  -  STEEL  EMBEDDED  IN  CONCRETE  -  SITE  2* 
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TABLE  17.  TEST  RESULTS  -  STEEL  EMBEDDED  IN  CONCRETE  -  SITE  3* 
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xhibiting  potentials  more  negative  than  -0.30  volt. 


TABLE  18a.  TEST  RESULTS  -  ALLOYS  -  SITE 
(metric  units) 
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Tapia  Water  Redaction  Facility.,  C&labaaaa,  California 
See  table  2  for  alloy  identification. 

Surface  beneath  teflon  apace. 
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1/  Tapia  Vattr  tMlMMtloa  Facility,  Calabaaaa,  California 
See  table  2  for  alloy  Identification. 

3/  Surface  beneath  teflon  apacer. 
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If  Speedvay  Vtsccviur  Treatment  Plant,  Indiana  polls,  Indiana 
See  tabla  2  for  alloy  id ant If ic at loo. 

V  Surfaca  beneath  teflon  spacer* 
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1/  Wucgtta  Vaitevater  Treatment  Plant,  Alexandria,  Virflnia. 
2 j  See  tabla  2  for  alloy  identification. 

2J  Surface  beneath  teflon  spacer. 
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TABLE  21 .  EVALUATION  SUMMARY  -  ALLOYS  -  SITES  1,  2,  AND  3 
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-/  A30ifined  f o! lows  in  accordance  with  average  corrosion  rate  (x)  and  aaxlmum" pitting  rate  (y). 


Averag s  corrosion  rate  (x) 
urc/yr  '  mlls/yr 


Maximum  pitting  rate  (v)  Rating 

u^/yr  alls/yr  .  ” 
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0. l<x<1.0 
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Y>  254 


y<0. l  i 

0.1<y<1.0  2 
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yno.o  4 


Tapia  Wat ir  Reclamation  Facility,  Calabasas,  California. 

Speedway  Vastewater  Treatment  Plant,  Indianapolis,  Indiana. 

Westgate  s'atewater  Treatment  Plant,  Alexandria,  Virginia. 

Average  of  22-month  rating  at  site  1  and  28-month  ratings  at  sites  2  and  3. 
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Figure  16. 
zone  at 


Figure  17. 
months . 


Sensitized  Type  304  stainless  steel  specimen  exposed  in  the  gas 
site  1  for  22  months.  Note  pitting  due  to  sensitization. 


Mild  steel  specimen  exposed  in  the  gas  zone  at  site  2  for  28 
Surface  is  deeply  pitted. 
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Figure  18. 
months „ 


Figure  19. 
months . 


Low  alloy  steel  specimen  exposed  in  the  liquor  at  site  2  for  28 
Specimen  is  perforated. 


Aluminum  alloy  6061  exposed  in  the  gas  zone  at  site  2  for  28 
Sample  is  perforated. 
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Figure  20.  Copper  specimen  exposed  in  the  gas  zone  at  site  2  for  28  months 
Sample  is  pitted  in  one  localized  area  only. 


gure  21.  Edge  view  of  gray  cast  iron  coupons,  unexposed  (top)  and  exposed 
for  28  months  m  the  gas-liquor  interface  at  site  2.  Thickness  loss  was 
caused  by  graphitization . 


(3)  Low  alloy  steel  (Alloy  A-3) 

(4)  Aluminum  alloy  (Alloy  A-ll) 

2*  Stressed  specimens*  ~  Table  22  shows  the  results  of  exposure  of 
stressed  alloy  specimens*  The  split  specimens  are  shown  in  figures  22  and- 
23.  All  stressed  alloys  performed  satisfactorily  in  all  exposures  at  the 
three  test  sites  except : 

au  Li Id  steel  (Alloy  A- 2) 
b.  Low  alloy  steel  (Alloy  A-3) 

Co  Aluminum  alloy  (Alloy  A- 11) 

Rubber  and  Plas tic£ 

1.  Rubber  Sheeting .  -  Physical  property  test  results  are  shown  in 
table  23c  The  affect  of  exposure  on  rubber  materials  is  discussed  below  by 
rubber  type: 


a0  Generally  satisfactory 

(1)  Butyl.  -  Very  slight  strength  loss.  Slight  shrinkage  in 
one  sample.  Swelling  and  moderate  strength  loss  at  site  2  liquor/ 
gas  interface  indicating  contact  with  a  petroleum  product. 

(2)  Chlorosulf onated  polyethylene.  -  Slight  strength  and 
elongation  loss  accompanied  by  slight  hardening  in  all  gaseous 
phases . 

(3)  Ethylene  propylene  diene  monomer.  -  Spotty  swelling  with 
resulting  moderate  change  in  physical  properties  in  the  splash  zone 
indicating  some  petroleum  contact. 

(4)  Polyacrylate.  -  General  moderate  strength  loss. 
be  Satisfactory  for  limited  use 

(1)  Natural.  -  Strength  loss,  softening,  distortion,  swelling 
from  petroleum  contact,  initial  ozone  cracking,  and  indications  of 
micro-organism  attack.  Use  should  be  limited  to  applications  in 
which  high  strength,  high  resiliency  and  resistance  to  fatigue, 

c rack  growth  and  tearing  are  essential,  and  exposure  to  oxygenated, 
bact ar ia-laden  water,  is  minimal. 

(2)  Nitrile-butadiene.  -  General  strength  loss  with  slight 
elongation  loss.  Initial  ozone  cracking.  Should  not  be  used  under 
conditions  of  combined  stress  and  atmospheric  or  ozone  exposure. 

(3)  Silicone.  -  Severe  mechanical  damage,  caused  by  suspended 
solids  and  debris,  observed  in  the  splash  zone.  Discoloration  of 
one  product  (R-32)  accompanied  by  loss  of  strength  and  elongation 
loss.,  Should  be  formulated  for  bacteria  resistance  and  limited  to 
uses  not  subject  to  severe  abrasive  conditions. 
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TABLE  22.  TEST  RESULTS  -  STRESSED  METALS  -  SITES  1,  2,  AND  3* 


CM 

tM 

O 

•  *  o 

AJ 

0) 

AJ 

•  iM  4) 

L  *o 

•*  > 

•tM 

rM  > 

u 

0  <D 

M  ‘M 

rM 

M> 

AJ 

CL’H 

r*" 

O  P 

♦H  AJ 

CL 

*iM 

•r-l 

CO  AJ 

d 

a  d 

H  CO 

CO 

rM 

rM 

CO 

CO 

M 

CL  O 

CL 

CL 

CO  O 

Q) 

CO  O 

CO  *M 

CO 

C0 

CO 

P 

C  co 

"0 

e 

C  T? 

4)  Li 

C  C 

0) 

C 

d 

4)  d 

A> 

0 

0)  -M 

0 

<D 

4) 

0  •«-* 

CO 

•  M 

0 

C 

•H 

0 

0 

.  M 

d 

0) 

o 

'rl  60 

O 

O 

•  rM 

•M 

a  6o 

0 

H 

0)  rM 

a  d 

•  rl 

<V 

O 

a 

a)  d 

♦H 

CL  0) 

0)  -M 

CO 

CL 

CL) 

4) 

CL  -H 

CO 

CO  M 

CL  Li 

CO 

CO 

CL 

CL 

CO  p 

CO 

0) 

CO  CO 

Li 

CO 

CO 

CO 

P 

X  H 

V 

X 

X 

rd  4) 

X 

M  CL 

CD  3* 

C0 

M 

4) 

4) 

AJ  > 

cO 

O 

C 

O 

d 

a 

0 

PQ 

o 

PCJ 

o 

o 

PQ 

✓ — \ 

CO 

0 

X 

•  rH 

Ml 

00 

o 

o 

00 

o 

o 

p 

c 

CM 

H 

CN 

CN 

rM 

CN 

0) 

O 

CL) 

4) 

<D 

4) 

4) 

P 

u 

o 

a 

d 

a) 

cO 

CO 

co 

to 

co 

P 

LM 

CM 

CM 

Li 

p 

O 

CO 

O 

Lt 

P 

Li 

o 

o 

CL 

XI 

d 

0) 

a> 

4) 

d 

d 

X 

CL, 

cr 

M 

AJ 

M 

cr 

cr 

w 

*  H 

c 

a 

a 

•H 

•H 

X) 

M 

►M 

M 

X 

X 

<u 

* 

AJ 

• 

* 

•  iM 

o 

■X 

=*$= 

CO 

S2 

CN 

CO 

CO 

CO 

CN 

\D 

O 

v£> 

c 

o 

H 

< 

*  H 

<D 

* 

M> 

OJ 

rM 

cO 

AJ 

4) 

u 

CO 

4)  d 

O 

•  M 

AJ  4J 

rM 

CM 

c  o 

co  H 

H 

•H 

O  CN 

I 

CO 

AJ 

X  o 

^  L< 

* 

c 

Li  -h 

O  O 

0 

* 

0) 

CO 

.M  CJ 

3 

O  f-i 

rM 

c 

O 

M 

CO 

CO  to 

« M 

r—4 

X  W 

CO 

rM 

rM 

>  X 

M 

< 

•  H 

o 

H 

X 

X 

< 

o 

<D 

CN 

oo 

•-M 

O 

o 

o 

4) 


4) 

O 

X 

d 

d 

•H 

CO 

CO 

AJ 

O 

• 

d 

TO 

4; 

4)  - 

AJ 

P 

CO 

cO 

*  M 

rM 

#> 

d 

<y 

0 

p 

p 

cO 

•M 

4) 

AJ 

P 

CO 

d 

CO 

CO 

o 

o 

CL 

X 

CO 

4) 

P 

60 

4) 

X 

CJ 

AJ 

*  rM 

AJ 

<m 

•H 

O 

c 

4) 

4) 

AJ 

CO 

CO 

p 

d 

d 

co 

o 

a 

r» 

cr  • 

4) 

X 

X 

•  4) 

AJ 

O  CO 

52  O 

60 

CL 

d 

^  X 

•  M 

O  4)  • 

P 

iM  0 

d 

i-l4)  O 

x 

C0  P  -M 

4)  AJ 

AJ 

T)  >  CO 

•  H 

d  O 

rM 

CO  CO  -M 

CL 

>>  4J 

CO 

•*  O  *H 
d  rM  AJ 

X 

O  rM  C 

u 

P  co  oj 

•M  T3 

X 

Q)  •  H 

£ 

AJ  c 

CO  -M 

co 

co  d  o 

rM 

O  iM 

CO 

rM 

•  H 

^  rM  to 

p 

CO  c 

4) 

POP 

AJ 

60  O 

cO 

-  CM 

0 

~  AJ 

rH  CO  CN 

4) 

4) 

CO 

•  AJ  QJ 

o 

O  rM 

X 

25  co  X 

AJ 

■H  CO 

^  X  AJ 

*  * 


* 

* 

*  ^ 


58 


See  table  2  for  alloy  identification. 

Site  2  -  Speedway  Wastewater  Treatment  Plant,  Indianapolis,  Indiana. 
Site  3  -  Westgate  Wastewater  Treatment  Plant,  Alexandria,  Virginia. 


TABLE  23a.  TEST  RESULTS  -  RUBBER  SHEETING  -  MATERIALS  R-29 ,  R-17 

(metric  units) 


TABLE  23a.  TEST  RESULTS  -  RUBBER  SHEETING  -  MATERIALS  R-29,  R-17,  R-5 

(English  units) 


1:  Tapia  Water  Reclamation  Plant.  Ca labasas,  California 
2:  Speedway  Wastewater  Treatment  Plant.  Indianapolis,  Indiana 
->!  Weatgate  Wastewater  Treatment  Plant.  Alexandria,  Virginia 
nt  USSR  Laboratories,  Denver,  Colorado 


TABLE  23b.  TEST  RESULTS  -  RUBBER  SHEETING  -  MATERIALS  R-30,  R-8,  R-32 

(metric  units) 


Tapia  Water  Reclamation  Plant,  Calabasaa,  California 
Speedway  Wastewater  Treatment  Plant,  Indianapolis,  Indiana 
Weatgate  Wastewater  Treatment  Plant,  Alexandria,  Virginia 
USBR  Laboratories,  Denver,  Colorado 


TABLE  23b.  TEST  RESULTS  -  RUBBER  SHEETING  -  MATERIALS  R-30,  R-8,  R-32 

(English  units) 


V 


\f  Site  1:  Tapia  Water  Reclamation  Plant,  Calabasas,  California 

Site  2:  Speedway  Wastewater  Treatment  Plant,  Indianapolis,  Indiana 
Site  3:  Westgate  Wastewater  Treatment  Plant,  Alexandria,  Virginia 
Site  4:  USBR  Laboratories,  Denver,  Colorado 


TABLE  23c.  TEST  RESULTS  -  RUBBER  SHEETING  -  MATERIALS  R-532,  R-25,  R-34 

(metric  units) 
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TABLE  23c.  TEST  RESULTS  -  RUBBER  SHEETING  -  MATERIALS  R-532,  R-25,  R-34 


Tapia  Water  Reclamation  Plant,  Calabasae,  California 
Speedway  Wastewater  Treatment  Plant,  Indianapolis,  Indians 
Wcatgate  Wastewater  Treatment  Plant,  Alexandria,  Virginia 
USER  Laboratories,  Denver,  Colorado 


JE  23d.  TEST  RESULTS  -  RUBBER  SHEETING  -  MATERIALS  R-2 
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TABLE  23d.  TEST  RESULTS  -  RUBBER  SHEETING  -  MATERIALS  R-27,  R-18,  R-31 

(English  units) 
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2.  Plastic  sheeting.  -  These  materials  had  generally  satisfactory 
performance.  J 


The  chlorinated  polyethylene  exhibited  initial  swelling  which 
during  wet  exposure  and  decreased  when  dried. 


stabilized 


Tl!e  ini*;ial  8tiffening  of  the  polyvinyl  chloride  sheeting  has  continued 
throughout  the  exposure  period.  Elongation  losses  generally  have  been 
accompanied  by  strength  increases,  indicating  loss  of  plasticizer  rather  than 
attack  on  the  polymer.  Limited  thermo-gravimetric  and  infrared  analysis  also 
indicated  plasticizer  loss  correlating  with  increased  stiffness. 


The  chlorosulfonated  polyethylene  has  shown  continued  stiffening 
Minimum  change  in  the  control  (Denver  tap  water)  specimens  indicates  possible 
micro-organism  attack. 


Physical  property  test  results  are  shown  in  table  24. 

3.  Fabric  reinforced  sheeting.  -  These  materials  had  generally  satis 
factory  performance. 


No  significant  change  occurred  in  the  butyl.  The  ethylene  propylene 
diene  monomer  materials  had  slightly  lower  wet  strength.  The  chlorinated 
polyethylene  materials  have  considerable  swelling  and  slightly  lower  wet 
strength.  One  chlorinated  polyethylene  sample  was  severely  abraded  at  the 
interface  zone  of  the  Westgate  site.  The  chlorosulfonated  polyethylene 
showed  some  increase  in  stiffness  and  moderate  swelling.  Physical  property 
test  results  are  shown  in  table  25.  } 


4.  Rigid  polymers.  -  No  significant  change 
of  original  test  results  has  occurred. 


from  the  rather  wide  range 


No  change  was  observed  in  the  high-density  polyethylene  pipe  specimens 
uring  visual  examinations  at  the  test  sites  and  at  the  end  of  the  exposure 
peno  .  Hoop  stiffness  tests  at  the  end  of  the  exposure  period  also  indi¬ 
cated  no  change  in  the  physical  properties. 


Physical  property  test  results 
table  26. 


for  the  rigid  polymers  are  shown  in 


Protective  Coatings 

The  results  of  protective  coatings  applied  to  steel  surfaces  are  shown 
in  tables  27  through  32.  Tables  27,  28,  and  29  show  the  results  of  coatings 
exposed  on  steel  and  tables  30,  31,  and  32  exhibit  the  results  of  coatings 
applied  to  concrete.  Typical  defective  and  defect-free  coated  panels  are 

IL°™  E  Xr:*3348*f340-  e'"!l“ati0n  S““"ary  °f  COati”8S  *• 


The  coatings  are  rated  as 
in  all  three  zones  at  the  sites 


follows  according  to  their  overall  performance 
at  which  the  coatings  were  exposed: 
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TABLE  24a.  TEST  RESULTS  -  PLASTIC  SHEETING 
(metric  units) 


Tapia  Water  Reclamation  Plant,  Calab&sas,  California 
Speedway  Wastewater  Treatment  Plant,  Indianapolis,  Indians. 
Westgata  Wastewater  Treatment  Plant,  Alexandria,  Virginia. 
USBR  Laboratories,  Denver,  Colorado. 


TABLE  24b.  TEST  RESULTS  -  PLASTIC  SHEETING 
(English  units) 


Site  3:  Westgate  Wastewater  Treatment  Plant,  Alexandria,  Virginia 
Site  4:  USBR  Laboratories,  Denver,  Colorado 
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Sit*  %:  U5BR  Laboratories t  Denver,  Colorado, 


TABLE  25b.  TEST  RESULTS  -  FABRIC  -  REINFORCED  FLEXIBLE  SHEETING 
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TABLE  26b.  TEST  RESULTS  -  RIGID  POLYMERS 
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TABLE  28.  TEST  RESULTS  -  PROTECTIVE  COATINGS  ON  STEEL  SURFACES  -  SITE 

Coating  Film  Defects  3/ 

Site  2  Exposure 
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TABLE  29.  TEST  RESULTS  -  PROTECTIVE  COATINGS  ON  STEEL  SURFACES  -  SITE 

Coating  Film  Defects  3/ 

Site  3  Exposure 


t-o 


i 
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TABLE  30.  TEST  RESULTS  -  PROTECTIVE  COATINGS  ON  CONCRETE  SURFACES  -  SITE  1* 

Coating  Film  Defects*** 

Site  1  Exposure 
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Site  1  Tapia  Water  Reclamation  Facility,  Calabasas,  California. 
See  table  5  for  coating  identification 

See  figures  24  through  30  for  typical  examples  of  coating  defects. 


TABLE  31.  TEST  RESULTS 


PROTECTIVE  COATINGS  ON  CONCRETE  SURFACES 
Coating  Film  Defects*** 

Site  2  Exposure 


SITE  2i 


Nominal 
exposure 
time,  mo 


No  defects 
Wo  defects 

No  defects 

No  defects 

No  defects 
Cra  ters 

Craters 

Slight  alligator  crack i r 

No  defects  ™ 

No  defects 
No  defects 
No  defects 
No  defects  ~~ 

Pinhead  blisters,  both 
$  des 

Pinhead  bl Isters,  both 

S'  des 

PI nli ea d  bl  isters,  both 
si  des 

No  defects  ~~ 

Severe  blistering,  both 
sides 

Severe  blistering,  both 
sides 

Severe  blistering,  both 

_ sides 

Nc  defects 
Nc  defects 
Nc  defects 
Nc  defects 
No  defects 
No  defects 
No  defects 

_ No  defects _ 

No  defects  ~~ 

_ No  defects 

No  defects  **  ’ 

_ _ La rge  blisters 

No  delects 
Pinhead  blisters 

No  deTects 
A1 1 1  gator  crack inq 
No  defects 
Few  blisters,  top¬ 
coat  only 


Interface 
No  defects 

Pinhead  blisters,  both 
sides 

Pinhead  blisters,  both 
sides 

Large  blisters 
defects’^ 

Alligator  cracking,  both 
sides 

Alligator  cracking,  both 
sides 

Alligator  cracking,  both 
__  sides 

No  defects  ~~  " 

No  defects 
No  defects 
No  defects 

Some  erosion  of  coating 
Pinhead  blisters,  both 
sides 

Severe  blistering,  both 
sides 

Blistering,  alligator 
cracking 
No  defects 

Severe  blistering,  both 
sides 

Severe  blistering,  both 
sides 

Severe  blistering,  both 
sides 

No  defects  If 

No  defects  N< 

No  defects  Ni 

No  defects  N< 

No  defeats  Nl 

No  defects  N< 

No  defects  N< 

No  defects  N( 

No  defects  Ni 

No  defects  _ Nc 

No  defects  Bl 

Jjj:9e  blisters _ Bl 

No  defect  *  Bl 

Large  and  pinhead  La 

blisters 

No  defects  "No 

Alligator  cracking _ A1 

No  defects  No 

Few  blisters,  top-  Bl 

coat  only 


Liquor 

No  defects 
'  Mo  defects 

1  Pinhead  blisters  abound  score 

Pinpoint  blisters,  both 

sides _ _ 

Mechanical  damage  ~~  ~ 
th  Slight  cratering 

th  Slight  cratering 

th  Alligator  cracking,  both 

_ _ _ _ sides 

No~de  fects  ~~~ 

No  defects 
No  defects 
_ No  defects 

3  General  bli$tering~~ - 

Severe  blistering,  both 
sides 

1  Severe  blistering,  both 

sides 

Severe  blistering,  both 

_ sides 

~~  No  defects  ~~ 

1  Large  blisters  around 

score 

i  Severe  blistering,  both 

sides 

Severe  blistering,  both 
_ _ side  s 

No  defects  - 

No  defects 
No  defects 

No  defects _ 

No  defects  *  ~ - 

No  defects 
No  defects 
No  defects 

No  defects  “  - - - 

No  defects 

Blisters,  both  sides  - 

Blisters,  both  sides 
Blisters  around  score  ~~  “ 

Large  blisters,  both  sides 

~No"de  fects  "  - 

All i igator  cracking _ 

"No  defects  ~  - 

Blisters,  topcoat  only 


See  figure  24  through  30  for  typical  examples  of  coating  defects. 
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TABLE  32  •  TEST  RESULTS  -  PROTECTIVE  COATINGS  ON  CONCRETE  SURFACES  -  SITE 

Coating  Film  Defects  3 J 
Site  3  Exposure 
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Figure  24 „  Blistering  of  proprietary 
(left-)  and  concrete  substrates. 
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figure  25.  Defect-free  proprietary  urethane  coating  (No.  C-9) 
(left)  ana  concrete  substrates.  Roughness  is  characteristic 


C-9)  on  steel 
stic  of  application 


Figure  28.  Defect-free  phenolic-epoxy  coating  (No.  012)  on  steel  (left) 
and  concrete  substrates. 


Figure  29.  Severely  blistered  prorietary  urethane  coating  (No.  C-14)  on 
steel  (left)  and  concrete  substrates. 


Figure  30.  Blistering  (topcoat  only)  of  proprietary  phenolic-epoxy  coating 
(No.  C-16)  on  steel  (left)  and  concrete  substrates. 
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TABLE  33.  EVALUATION  SUMMARY  -  PROTECTIVE  COATINGS  FOR  STEEL 

Performance  Rating  1/ 


SURFACES 


a*,  |  *it<.  *im  1  y  Me° 1  y 

etpocur©  f  eboc  19  em  i  yso  9  asoa  10  aao”  12'  aas  17  b©s  20  as®  id  bos'  ’ 1 3  cos  9 


Cm 

Interface 
Liquor _ 

Cos 

Interface* 

Liquor 


\f  Assigned  as  follcuu  2  1  -  Ro  deroc$£ 

2  -  : o  $m'i  feu  table  eo  application*  ©cssTing,  or  tstbiaictl 

3  -  Jtf.esor  *r  feru  dejecta 

4  -  Seven*  defect© 

f/  Tapia  Water  Reclmr.eiori  Paciltt','*  C^lobasse ,  Californio 
/  Spsadwa?  Wastewater  Treetscnt  P:..anfc*  lodianapolio,  Indiana 
A/  Uestgata  Wastewater  Trestraent  F.'.-anf,  fjtfr.itndrla,  Virginia 
|/  Average  of  ratings  asolgnotS  @£nal  evoitentioa  at  elsoa  ®up®sj®«l 

J/  ftlgheat  (rase ri cal  volua)  ©£  mvxc-Qp  yeeiBjjs  fox  gives  estates 


TABLE  34.  EVALUATION  SUMMARY  -  PROTECTIVE  COATINGS  FOR  CONCRETE  SURFACES 

Performance  Rating  1/ 


Ho  defects  -  Highly  resistant  -  rating  of  1.0 

Defects  attributed  to  application,  scoring,  or  mechanical  damage  - 
Moderately  resistant  -  1.0  <  rating  £  2.0 
Minor*  or  few  defects  -  Resistant  -  2,0  < 
rating  _<  3  ,0 

Severe  defects  -  Nonresistant  -  rating  >3.0 

Coatings  exposed  for  only  12  months  at  just  two  of  the  three  field  test 
sites  are  preceded  with  an  asterisk. 

1.  Coatings  for  steel  surfaces.  - 

a.  Highly  resistant 

(1)  Urethane  coating,  proprietary  (coating  No,  C-9) 

(2)  *Phenolic-epoxy ,  proprietary  (coating  No.  C-12) 

b.  Moderately  resistant 

(1)  Vinyl  resin,  USBR  VR-6  (coating  No.  C-2) 

(2)  Coal-tar  epoxy,  MIL-P-23236,  Type  I,  Class  2  (coat¬ 

ing  No.  C-4) 

(3)  Phenolic,  proprietary  (coating  No.  C-8) 

c.  Resistant 

(1)  Vinyl-resin,  USBR  VR-3  (coating  No.  C-l) 

(2)  ^Urethane,  proprietary  (coating  No.  C-13) 

(3)  *Phenolic-epoxy ,  proprietary  (coating  No.  C-16) 

d.  Nonresistant 

(1)  Coal-tar  enamel,  AWWA  C203  (coating  No.  C-3) 

(2)  Butyl,  proprietary  (coating  No.  C-5) 

(3)  Butyl,  Proprietary  (coating  No.  C-6) 

(4)  Coating  for  galvanized  steel,  proprietary  (coating 

No.  C-10) 

(3)  Galvanized,  ASTM :  A  123  (coating  No.  C-ll) 

(6)  *Urethane,  proprietary  (coating  No.  C-14) 

2.  Coatings  for  concrete  surfaces.  - 

a.  Highly  resistant 

(1)  Coating  No.  C-9 

(2)  ^Coating  No.  C-12 

b.  Moderately  resistant 

(1)  None 
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c.  Resistant 

(1)  Urethane,  proprietary  (coating  No.  07) 

(2)  Coating  No.  04 

(3)  *Coating  No.  016 

d.  Nonresistant 

(1)  Coating  No.  Ol 

(2)  Coating  No.  03 

(3)  Coating  No.  05 

(4)  Coating  No.  06 

(5)  *Coating  No.  013 

(6)  *Coating  No.  014 

(7)  *Urethane ,  proprietary  (coating  No.  015) 

Joint  Sealers 

The  results  of  sealers  for  concrete  joints  are  shown  in  tables  35,  36, 
and  37.  Figure  31  shows  typical  defect-free  and  defective  sealers.  The 
evaluation  summary  for  sealants  appears  in  table  38. 

The  sealers  are  rated  as  follows  according  to  their  performance  in  all 
three  exposure  zones  at  the  field  sites. 

Sealers  exposed  for  12  months  only  and  at  just  two  of  the  three  field 
test  sites  are  preceded  with  an  asterisk. 

No  defects  -  Excellent  -  rating  of  1.0 

Surface  defects  only  -  Satisfactory  -  1.0  £  rating  <_  2.0 
Adhesive  or  cohesive  failure  -  Unsatisfactory  -  rating  >  2.0 


1.  Excellent.  “ 

a.  *One-component ,  low  modulus  silicone  (code  No.  S-4) 

2.  Satisfactory.  - 

a.  Two -component  polysulfide  (code  No.  S-3) 

3.  Unsatisfactory.  - 

a.  Two-component  silicone  (code  No.  S-l) 

b.  Two-component  urethane  (code  No.  S-2) 

c.  *Two- component ,  slow-set  polysulfide  (code  No.  S-5) 
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*  Site  1  -  Tapia  Water  Reclamation  Facility,  Cal abas as  3  Calf iron! 
**  See  table  7  for  sealer  identification,, 

***  See  figure  31  for  typical  examples  of  sealant  defects. 


TABLE  36.  -  TEST  RESULTS  -  SEALERS  FOR  CONCRETE  JOINTS  -  SITE  2* 
Sealant  Defects*** 

Site  Exposure 


Nominal 

Gas 

Interface 

Liquor 

Code 

No.** *** 

exposure 
time,  mo 

25  percent 
extension 

25  percent 
compression 

25  percent 
extension 

25  percent 
compression 

25  percent 
extension 

25  percent 
compression 

$-1 

3 

No  defects 

No  defects 

No  defects 

No  defects 

No  defects 

No  defects 

10 

defects 

No  defects 

100  percent 
bond  fail¬ 
ure 

No  defects 

No  defects 

No  defects 

20 

No  defects 

No  defects 

100  percent 

bond  fail¬ 
ure 

No  defects 

No  defects 

No  defects 

28 

10  percent 
bond  fail¬ 
ure 

No  defects 

100  percent 
bond  fail¬ 
ure 

No  defects 

No  defects 

No  defects 

$-;> 

5 

lOti  percent 
bond  fail¬ 
ure 

No  defects 

100  percent 
bond  fail¬ 
ure 

No  defects 

lOti  percent 
bond  fail¬ 
ure 

No  defects 

10 

100  percent 
bond  fail¬ 
ure 

No  defects 

100  percent 
bond  fail¬ 
ure 

No  defects 

100  percent 
bond  fail¬ 
ure 

No  defects 

20 

100  percent 
bond  fail¬ 
ure 

No  defects 

130  percent 
bond  fail¬ 
ure 

No  defects 

100  percent 
bond  fail¬ 
ure 

No  defects 

28 

100  percent 
bond  fail¬ 
ure 

No  defects 

100  percent 
bond  fail¬ 
ure 

No  defects 

100  percent 
bond  fail¬ 
ure 

No  defects 

S-3 

3 

No  defects 

No  defects 

No  defects 

No  defects 

No  defects 

No  defects 

10 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

20 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

28 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

TT~ 

- 3 

No  defects 

No  defects 

No  defects 

No  defects 

No  defects 

No  defects 

12 

No  defects 

No  defects 

No  defects 

No  defects 

No  defects 

No  defects 

S-5 

3 

No  defects 

No  defects 

No  defects 

No  (iefects 

No  defects 

No  defects 

12 

Surface 

cracking 

Surface 

cracking 

20  percent 
bond  fail¬ 
ure 

Surface 

cracking 

5  percent 
bond  fail¬ 
ure 

Surface 

cracking 

*  Site  2  -  Speedway  Wastewater  Treatment  Plant,  Indianapolis,  Indiana* 

**  See  table  7  for  sealer  identification* 

***  See  figure  31  for  typical  sealant  defects. 
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TAblE  37.  -  TEST  RESULTS  -  SEALERS  FOR  CONCRETE  JOINTS  -  SITE  3* 
Sealant  Defects*** 

Site  Exposure 


Nominal 

Gas 

Interface 

Liquor 

Code 

No.*4 

exposure 
time,  mo 

i!i  percent 
extension 

25  percent 
compression 

25  percent 
extension 

25  percent 
compression 

25  percent 
extension 

25  percent 
compression 

S-l 

3 

100  percent 
bond 
failure 

No  defects 

100  percent 
bond 
failure 

No  defects 

25  percent 
bond 
failure 

No  defects 

10 

100  percent 
bond 
failure 

No  defects 

100  percent 
bond 
failure 

No  defects 

50  percent 
bond 
failure 

No  defects 

20 

100  percent 
bond 
failure 

No  defects 

100  percent 
bond 
failure 

No  defects 

50  percent 
bond 
failure 

No  defects 

23 

100  percent 
bond 
failure 

No  defects 

100  percent 
bond 
failure 

No  defects 

100  percent 
bond 
failure 

No  defects 

3 

100  percent 
bond  fail¬ 
ure 

No  defects 

100  percent 
bond  fail¬ 
ure 

No  defects 

100  percent 
cohesion 
failure 

No  defects 

10 

100  percent 
bond  fail¬ 
ure 

No  defects 

100  percent 
bond  fail¬ 
ure 

No  defects 

100  percent 
cohesion 
failure 

No  defects 

20 

1Q0  percent 
bond  fail¬ 
ure 

No  defects 

100  percent 
bond  fail¬ 
ure 

No  defects 

100  percent 
cohesion 
failure 

No  defects 

28 

100  percent 
bond  fail¬ 
ure 

No  defects 

100  percent 
bond  fail¬ 
ure 

No  defects 

100  percent 
cohesion 
failure 

No  defects 

S-3 

3 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

10 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

20 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada- 

28 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

Surface 

degrada¬ 

tion 

$-4 

3 

Wo  defects 

No  defects 

No  defects 

No  defects 

# 

# 

12 

Wo  defects 

No  defects 

No  defects 

No  defects 

No  defects 

No  defects 

S-5 

3 

Wo  defects 

No  defects 

No  defects 

No  defects 

# 

12 

Surface 

cracking 

Surface 

cracking 

Surface 

cracking 

Surface 

cracking 

Surface 

cracking 

Surface 

cracking 

*  Site  3  -  Westgate  Wastewater  Treatment  Plant,  Alexandria,  Virginia 
**  See  table  7  for  sealer  identif ication. 

***  See  figure  31  for  typical  sealant  defects. 

#  Sample  could  not  be  retrieved  for  this  inspection. 
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Figure  31.  Typical  joint  sealer  performance  in  these  tests.  S-l  is  a 

two-component  silicone  sealant  which  has  incurred  bond  failure,  S-2  and  S-3 
show  surface  degradation  of  two-component  polysulfide  base  material  exposed 
in  compressed  (S-2)  and  stretched  ( S-3 )  condition  and  S-4  is  intact  one- 
component,  low-modulus  silicone. 


TABLE  38.  EVALUATION  SUMMARY  -  SEALERS  FOR  CONCRETE  JOINTS 

Performance  Rating  1/ 
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SECTION  7 


DISCUSSION  OF  TEST  RESULTS 


Concrete 


1.  Length  change.  -  One  established  method  of  determining  progression 
of  deterioration  of  concrete  exposed  to  a  given  environment  is  to  monitor  its 
change  in  volume  with  respect  to  exposure  time.  Whereas  loss  in  volume  of 
concrete  is  normally  merely  indicative  of  dehydration,  an  increase  in  volume 
can  show  not  only  increase  in  saturation  with  water  but  also  effects  of 
chemical  and  physical  reactions. 

The  expansive  effects  of  both  freeze-thaw  deterioration  and  sulfate 
attack  are  examples  wherein  concrete  deterioration  can  be  manifested  by  an 
increase  in  volume.  These  increases  in  volume  are  the  result  of  internal 
pressures  produced  by  the  freezing  of  water  in  freeze-thaw  deterioration  and 
by  chemical  reaction  in  sulfate  attack. 

Small  volume  changes  of  concrete  are  difficult  to  determine  accurately. 
Therefore,  its  length,  a  dimension  which  is  easily  and  accurately  measured, 
is  monitored  as  a  reflection  of  its  volume. 

In  addition  to  lengths,  weights  were  also  determined  for  control  speci¬ 
mens  exposed  in  50  percent  relative  humidity  at  23°C  and  immersed  in  Denver 
tap  water  at  room  temperature  in  the  laboratories.  Weight  change  of  concrete 
when  exposed  to  these  two  laboratory  control  environments  is  merely  the  result 
of  absorption  or  loss  of  water. 

Many  materials  expand  with  an  increase  in  moisture  content.  This 
characteristic  is  shown  for  the  concrete  specimens  exposed  to  the  two  labo¬ 
ratory  environments  by  comparing  weight  change  and  length  change  results. 
Whereas  only  slight  changes  in  both  length  and  weight  have  occurred  in  those 
specimens  exposed  in  air,  substantial  increases  in  both  weight  and  length  have 
resulted  for  all  specimens  immersed  in  water. 

It  is  interesting  to  note  that  in  all  three  sets  of  control  specimens 
(those  for  site  1,  site  2,  and  site  3)  concrete  made  with  Type  II  cement  is 
the  most  absorptive.  Permeability  to  water  is  an  indication  of  concrete 
quality  and  density;  higher  permeability  corresponds  to  lower  concrete 
quality  and  density.  Concrete  made  with  Type  V  cement  is  slightly  less 
absorptive.  The  polymer- impregnated  concrete  is  substantially  less  absorp¬ 
tive  than  the  other  two,  although  not  completely  impermeable  to  water.  In 
polymer-impregnated  concrete,  the  voids  present  before  impregnation  are,  to 
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some  degree,  filled  with  the  polymer.  Thus,  there  are  fewer  voids  and,  hence, 
less  capacity  for  water  to  be  absorbed. 

The  length  change  test  results  of  samples  exposed  to  site  conditions  are 
not  so  easily  analyzed.  The  concrete  specimens  made  from  Type  II  and  Type  V 
cements  increased  in  length  initially  in  all  three  exposures  (gas,  liquid-gas 
interface,  and  liquor)  at  all  three  field  sites.  After  this  initial  increase 
in  length,  which  is  undoubtedly  the  result  of  water  absorption,  the  lengths 
of  the  specimens  fluctuate,  apparently  due  to  the  changing  site  conditions. 
Since  no  continuing  tendency  to  increase  in  length  is  observed,  it  is  con¬ 
cluded  that  field  exposure  has  produced  no  detrimental  effects  to  these  two 
types  of  concrete.  Additionally,  the  increases  in  lengths  for  these  samples 
were  well  below  the  0.2  percent  generally  accepted  by  the  Bureau  of  Reclama¬ 
tion  as  indicative  of  impending  concrete  failure  from  sulfate  attack. 

Complete  failure  in  sulfate  attack  is  considered  to  be  0.5  percent  expansion. 
It  is  assumed  that  expansion  caused  by  chemical  or  physical  attack  in  an 
oxygenated  wastewater  environment  can  be  judged  by  the  same  criteria. 

It  is  evident  that  the  PIC  specimens  in  this  study  continue  to  increase 
in  length  with  duration  of  exposure.  In  fact,  although  much  less  water  is 
absorbed  by  the  polymer-impregnated  concrete  than  the  other  two  concretes 
exposed  in  this  study,  its  increase  in  length  after  22  and  28  months  of 
exposure  is  of  the  same  magnitude  as  the  other  two  concrete  types.  The 
expansion  appears  to  be  caused  by  moisture,  as  both  x^astewater  and  fresh 
water  immersion  result  in  continued  increase  in  length  of  the  same  order  of 
magnitude.  There  are  at  least  two  possible  explanations  for  this  continued 
length  increase.  First,  since  the  voids  in  the  polymer-impregnated  concrete 
are  plugged  with  the  polymer,  it  simply  may  take  longer  for  expansion  to 
occur  than  it  did  in  the  conventional  concretes.  The  expansion  may  then 
level  off  as  it  did  for  the  conventional  concretes.  Because  the  specimens 
were  ovendried  prior  to  impregnation,  the  total  expansion  due  to  absorption 
may  be  greater  than  it  was  for  conventional  concrete.  Secondly,  moisture  may 
have  an  adverse  effect  on  polymer- impregnated  concrete.  If  this  were  so, 
longer  exposures  should  show  continued  expansion  exceeding  0.2  percent. 

Further  long-term  exposure  is  needed  to  confirm  or  disprove  this  possibility. 

2.  Compressive  strength.  -  The  compressive  ^trengt^  cylinders  were 
broken  at  a  load  rate  of  14  000  kPa/min  (2.0  x  10  lb/ in  min).  At  site 
2,  some  of  the  compressive  strength  specimens  came  loose  from  the  exposure 
rack  and  were  irretrievable.  It  was  therefore  necessary  to  use  the  length 
change  specimens,  with  metal  inserts  on  each  end  to  determine  the  28-month 
compressive  strength  results.  The  ends  were  sawn  off  to  remove  the  inserts 
and  the  shortened  cylinders  were  tested.  The  results  were  corrected  to 
equivalent  results  on  cylinders  with  a  length-to-diaraeter  ratio  of  2.0.  As  a 
check  on  the  validity  of  this  approach,  the  length  change  specimens  were  also 
tested  for  compressive  strength  at  site  3  where  the  normal  strength  cylinders 
were  also  available.  For  concrete  containing  Type  II  and  Type  V  cement,  the 
strength  results  on  the  length  change  specimens  were  almost  identical  to  the 
results  on  the  compressive  strength  cylinders.  This  indicates  that  the 
28-month  values  for  site  2  are  valid.  The  polymer- impregnated  specimens  at 
site  3  indicate  variability  in  the  28-month  strengths  as  determined  by  the 
two  different  sets  of  cylinders.  This  will  be  dis  cssed  later. 
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In  all  compressive  strength  computations  except  the  28-month  results  at 
sites  2  and  3,  the  nominal  diameter  was  used  to  compute  the  area.  For  the 
28  month  results,  the  length  and  diameter  of  all  specimens  were  measured. 

This  was  because  surface  erosion  had  become  significant  at  site  3  and  because 
of  the  variation  in  length  of  the  specimens  with  inserts  that  were  sawed. 


Concrete  made  with  Type  II  cement  shows  no  strength  loss  at  any  exposure 
site.  For  example,  at  site  1  all  strengths  exceed  the  strength  at  the  time 
the  specimens  were  first  exposed.  At  sites  2  and  3,  the  initial  strengths 
(strength  at  the  time  the  specimens  were  first  exposed)  are  slightly  lower 
than  the  28~day  strengths  but  this  is  not  significant  and  is  probably  due  to 
variability  in  fabrication  of  the  test  specimens.  At  both  sites  2  and  3, 
concrete  containing  Type  II  cement  gained  strength  beyond  the  28-day  strength 
under  all  test  conditions.  At  all  three  sites,  each  exposure  condition  (gas, 
interface,  and  liquor)  produced  higher  strengths  than  the  50  percent  relative 
humidity  laboratory  control  specimen  exposure.  This  indicates  that  suffic¬ 
ient  moisture  was  present  to  continue  hydration  of  the  cement  in  all  three 
exposure  conditions  and  that  the  composition  of  the  wastewater  does  not  alter 
the  normal  cement  hydration  processes.  In  fact,  results  at  sites  1  and  3 
indicate  that  the  cure  at  the  field  site  was  superior  to  the  cure  of  labo¬ 
ratory  specimens  submerged  in  tap  water. 

In  general,  exposure  of  concrete  containing  Type  II  cement  resulted  in 
strength  increase  with  age  at  all  three  sites.  The  small  decrease  shown  in  a 
few  cases  is  not  significant  considering  the  variability  of  concrete  and 
considering  the  fact  that  all  strength  values  exceed  the  28-day  strength. 

The  exposure  of  the  concrete  made  with  Type  II  cement  to  oxygenated  waste- 
water  treatment  plant  conditions  did  not  reduce  the  compressive  strength  but 
provided  continued  moist  curing  which  increased  strength. 

Results  on  concrete  made  with  Type  V  cement  for  all  three  sites  were 
similar  to  those  for  concrete  made  with  Type  II  cement.  For  all  three  sites, 
all  exposures  produced  compressive  strengths  greater  than  the  initial 
strengths.  In  general,  all  exposure  conditions  produced  stronger  concrete 
than  the  laboratory  50  percent  relative  humidity  cure,  indicating  hydration 
of  the  cement  is  being  continued  by  the  presence  of  moisture.  Again,  results 
from  sites  1  and  3  indicate  that  curing  at  the  site  produced  stronger  con¬ 
crete  than  laboratory  cure  with  specimens  submerged  in  tap  water.  As  with 
the  Type  II  cement  concrete,  the  Type  V  cement  concrete,  in  general,  showed 
art  increase  in  compressive  strength  when  exposed  to  various  oxygenated  waste- 
water  treatment  plant  environments. 

The  polymer-impregnated  concrete  specimens  showed  large  variations  in 
strength  under  most  exposure  conditions,  although  all  strength  values  exceeded 
the  highest  strengths  for  conventional  concrete.  For  sites  2  and  3,  all 
exposures  produced  strengths  lower  than  the  initial  strength.  At  all  three 
sites  there  are  exposures  showing  a  decrease  in  strength  with  length  of 

exposure.  There  are  also  exposures  at  all  three  sites  that  show  no  consistent 
trend . 

Results  at  site  3  at  28  months  of  exposure  are  especially  significant. 

Two  sets  of  specimens  were  tested  at  this  exposure  time.  The  first  set  was 
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the  specimens  that  had  been  fabricated  for  compressive  strength  testing.  The 
second  set  was  composed  of  length  change  specimens  with  the  ends  sawn  off  to 
remove  the  metal  inserts.  Results  were  corrected  to  a  length-to-diameter 
ratio  of  2.0.  As  mentioned  previously,  results  on  concrete  made  with  Type  II 
end  Type  V  cement  indicate  that  both  sets  of  specimens  gave  similar  results. 
For  the  polymer-- impregnated  specimens,  however,  this  was  not  the  case.  In 
both  the  interface  and  the  liquor  exposures,  there  is  a  significant  difference 
in  the  strengths  of  the  two  sets  of  specimens  at  28  months  of  exposure. 

Thus,  there  is  variability  in  strength  of  the  polymer- impregnated  specimens 
even  when  exposed  under  identical  conditions.  Since  some  of  the  compressive 
strengths  of  the  polymer-impregnated  concrete  are  significantly  lower  than 
the  initial  strengths,  we  must  conclude  that  one  of  two  possibilities  caused 
this  strength  difference.  Either  the  polymer- impregnated  specimens  are 
losing  strength  at  different  rates  (even  if  in  the  same  environment)  or  the 
specimens  were  not  uniform  in  strength  initially  after  polymerization.  From 
the  test  results  alone,  it  is  not  possible  to  prove  which  of  these  two 
possibilities  caused  the  strength  variations. 

3.  Surface  erosion.  -  Generally,  only  minor  changes  in  surface  condi¬ 
tions  have  occurred  at  the  Tapia  and  Speedway  sites. 

At  the  Westgate  site,  the  most  severe  erosion  occurred  in  the  interface 
zone  in  the  concrete  fabricated  with  Type  V  cement.  Less  severe  erosion  was 
observed  in  all  zones  with  the  Type  II  specimens  although  noticeable  change 
can  be  seen  in  the  Type  II  vapor  specimens.  Good  compressive  strength 
and  lack  of  significant  volume  change  indicate  that  this  is  a  surface  condi¬ 
tion.  The  polymer-impregnated  concrete  was  only  slightly  altered  in  appear¬ 
ance.  Results  at  28  months  of  exposure  were  similar  to  those  at  10  months 
with  the  erosion  of  the  Type  V  and  Type  II  cement  concretes  continuing. 

As  mentioned  earlier,  debris  not  trapped  by  the  bar  screen  at  the 
Westgate  site  were  fed  into  the  secondary  treatment  tank  where  the  test 
specimens  were  exposed.  These  solids  are  removed  in  primary  treatment  at  the 
other  two  sites.  It  is  concluded  that  these  solids  inflicted  the  abrasion 
damage  to  the  concrete  cylinders.  The  fact  that  specimens  in  vapor  exposure 
were  also  affected  is  explained  by  the  turbulence  of  the  liquor  and  water 
within  the  tark. 

Steel  Embedded  in  Concrete 

Portland  cement-mortar  and  -concrete  coatings  on  steel  derive  the i r 
corrosion -inhibiting  quality  from  formation  of  an  insoluble,  passivating, 
oxide  film  on  the  steel  surface  due  to  the  highly  alkaline  environment.  In 
addition,  when  voltage  is  imposed  on  a  mortar-  or  concrete-coated  steel 
surface,  this  film  generates  a  counter-voltage  (polarization)  such  that, 
within  limits,  no  current  will  flow.  This  passivity  and  resistance  to 
current  flow  developed  by  properly  designed,  dense,  high-quality  portland 
cement  coating  are  sufficient  to  overcome  the  potential  differences  in 
virtually  all  naturally  occurring  fresh  water  and  soil  conditions.  Environ¬ 
ments  high  in  concentration  of  chloride  ions  are  the  major  exception. 
Therefore,  the  excellent  performance  of  concrete  in  preventing  corrosion  of 
embedded  steel  in  these  tests  was  not  surprising.  The  highest  concentration 
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of  chloride  observed  was  at  site  1.  At  site  1  the  chloride  concentration 
was  found  to  be  144  mg/£.  Seven  hundred  mg/£  chloride  is  the  generally 
accepted  threshold  concentration  above  which  passivity  may  be  destroyed 
provided  the  chloride  is  accompanied  by  oxygen. 

Al loys 

Unstressed  specimens.  -  The  poor  performance  of  aluminum,  gray  cast 
iron,  and  carbon  steels  in  this  test  was  anticipated. 

Aluminum  alloys  are  notorious  for  their  susceptibility  to  pitting  in 
high  solids  waters  such  as  wastewater.  Aluminum  alloys  derive  their  corros¬ 
ion  resistance  from  formation  of  a  passive  oxide  film  on  their  surfaces. 
Nearly  all  corrosion  of  aluminum  results  from  deterioration  of  this  passive 
film  m  localized  areas  resulting  in  pitting.  Since  aluminum  has  been  found 
to  pit  deeply  in  conventional  plants,  it  appears  that  the  poor  performance  in 
these  tests  cannot  be  directly  attributed  to  oxygenation. 

Carbon  steels  have  been  found  to  pit  in  aerated,  near-neutral  waters. 
Corrosion  in  aqueous  environments  is  basically  an  electrochemical  reaction 
wherein  electrons  are  released  at  the  anode  with  metallic  ions  formed  by 
oxidation  going  into  solution.  At  the  cathode,  electrons  are  accepted  and 
negative  ions  form.  Action  at  the  anode  and  cathode  are  interdependent, 
i.e.,  neither  can  proceed  without  the  other.  In  the  case  of  iron  (steel)  in 
water,  iron  goes  into  solution  as  ions  and  electrons  are  left  behind  in  the 
metal  at  the  anodic  areas.  These  electrons  travel  through  the  steel  to  the 
cathode  where  they  combine  with  hydrogen  ions  to  form  hydrogen  gas.  In 
neutral,  slow-moving  waters,  the  evolution  of  hydrogen  gas  at  the  cathode 
proceeds  and  accumulates  as  a  layer  of  hydrogen  on  the  metal.  This  layer 
decreases  the  cathodic  reaction  and  thus  the  reaction  is  referred  to  as 
cathodic  polarization.  Therefore,  corrosion  proceeds  very  slowly  in  quies¬ 
cent,  deaerated  waters.  Dissolved  oxygen  in  the  water  upsets  the  equilibrium 
condition  established  by  cathodic  polarization.  The  oxygen  reacts  with  the 
accumulated  hydrogen  to  form  water.  As  the  hydrogen  is  removed  in  this 
manner,  corrosion  is  allowed  to  proceed.  Dissolved  oxygen  concentration, 
therefore,  controls  the  rate  of  corrosion  of  iron  and  steel  in  wastewater. 

Corrosion  of  gray  cast  iron  was  by  a  process  of  selective  dealloying 
commonly  referred  to  as  graphitization  or  graphitic  corrosion.  Cast  iron 
consists  mainly  of  iron  and  carbon  with  small  amounts  of  silicon  and  manga¬ 
nese.  The  graphite  is  cathodic  to  iron,  and  thus  an  excellent  cell  exists. 

The  iron  is  selectively  dissolved  leaving  a  porous  mass  of  graphite,  voids, 
and  corrosion  products. 

Both  copper  and  the  austenitic  cast  iron  suffered  moderate  uniform 
corrosion  rates,  less  than  250  pm/yr  (10  mil/yr).  Sensitized  304  and  316 
austenitic  stainless  steels  were  rated  as  only  moderately  resistant  because 
of  some  minor  pitting  observed  in  the  gas  zone  at  one  of  the  test  sites. 

This  pitting  corroborates  our  past  experiences  as  well  as  those  of  other 
investigators,  in  which  sensitized  austenitic  stainless  steels  have  been 
found  to  be  susceptible  to  pitting.  Sensitization  is  caused  by  heat  treat¬ 
ment  such  as  welding  followed  by  slow  cooling.  The  generally  accepted  theory 
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for  this  phenomenon  is  that  this  treatment  results  in  chromium  carbide 
precipitation  at  the  grain  boundaries  which  in  turn  reacts  galvanically  with 
adjacent  metal  devoid  of  chromium.  This  phenomenon  is  known  as  intergranular 
cor ros ion. 

As  anticipated,  the  stainless  steels,  Types  201,  304,  and  316,  provided 
excellent  resistance  to  these  environments. 

2.  Stressed  specimens.  -  Of  the  alloys  exposed  in  the  stressed  condi¬ 
tion,  all  passed  this  "go-no  go"  type  of  test  except  mild  steel,  low  alloy 
steel,  and  aluminum.  Since  these  materials  also  were  found  to  be  nonresist- 
ant  when  exposed  as  unstressed  coupons,  it  is  difficult  to  assess  the  effect 
of  the  stress.  However,  it  was  noted  that  all  splitting  occurred  at  the 
highly  stressed,  plastically  deformed  ends  of  the  test  specimens.  Therefore, 
it  appears  that  stress  on  these  alloys;  in  these  environments  does  accelerate 
the  rates  of  deterioration  of  these  nonresistant  materials. 

Rubber  and  Plastics 


Relatively  little  detrimental  change  has  occurred  in  the  rubber  and 
plastic  materials.  Such  changes  that  did  occur  were  the  result  of  specific 
environmental  conditions  which  reacted  somewhat  differently,  both  in  type  and 
extent  of  reaction,  with  each  polymer  group.  In  addition  to  the  different 
reaction  of  each  basic  polymer,  behavior  of  specific  products  is  greatly 
influenced  by  the  variety  of  substances  which  are  added  to  the  compound,  such 
as  antioxidants,  ant iozonants ,  curing  accelerators,  cross  linking  agents, 
fungicides,  reinforcing  fillers,  antibacterial  agents,  and  extenders.  For 
example,  a  material  which  might  be  a  good  antibacterial  agent  could  adversely 
affect  the  oxidation  rate  of  a  polymer,  or  two  manufacturers'  products  using 
the  same  polymer  may  perform  differently  as  a  result  of  the  type  or  amounts 
of  such  additives. 

The  factors  in  the  environment  of  this  study  which  could  be  expected  to 
influence  the  behavior  of  polymers  are: 

1„  Oxidation  (including  ozone  attack) 

2.  Biological  attack 

3.  Water 

4.  Physical  damage 

Thermal  degradation  and  photodegradation  will  not  be  considered  to  any 
extent  because  of  the  relatively  cool  operating  temperatures  and  the  absence 
of  sunlight  at  the  exposure  sites. 

1 ,  Oxidation.  -  Since  this  study  deals  with  oxygenated  systems,  it 
is  important  to  know  that  oxygen  is  generally  the  most  common  factor  in 
polymer  degradation.  All  polymers  react  with  oxygen  at  combustion 
temperatures  and  sunlight  generally  accelerates  the  process.  Fortu¬ 
nately,  with  the  absence  of  light  and  with  the  low  temperatures  encoun¬ 
tered  in  this  study  (14°  to  26°C),  oxidation  proceeds  very  slowly  for 
most  polymers.  For  example,  the  oxidation  rate  of  linear  polyethylene 
at  140°C  is  roughly  10  times  the  rate  at  100°C.  Furthermore,  at  100°C, 
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oxygen  uptake  reaches  a  relatively  early  plateau.  Measurement  would  be 
difficult  at  temperatures  below  30°C  since  the  rate  of  oxygen  absorption 
is  extremely  slow.  Even  natural  rubber  absorbs  oxygen  very  slowly  at 
temperatures  below  50°C. 

Polymer  selection  is  basic  in  reducing  oxygen  attack  potential. 
Oxidation  in  polymers  is  a  complicated  process  that  involves  chain 
reactions  which  result  in  the  formation  of  unstable  peroxy  free  radi¬ 
cals.  Olefinic  unsaturated  hydrocarbon  double  bonds  and  other  unsat¬ 
urated  functional  groups  present  favorable  sites  for  stabilization  of 
these  free  radicals.  Thus,  silicone  polymers  (R-32  and  -532)  with  their 
silica-oxygen  molecular  backbone  are  among  the  most  stable  toward 
oxidative  degradation.  Ethylene  propylene  diene  monomer  (R-8  and  -30), 
which  has  residual  unsaturation  only  in  pendent  side  groups  and  not  in 
the  main  chain,  is  very  stable  as  is  unbranched  polyethylene.  Branching 
generally  decreases  oxidation  resistance.  Butyl  rubber  (R-17  and  -29), 
having  its  hydrocarbon  chain  interrupted  by  a  relatively  few  double 
bonds,  is  also  quite  resistant  to  attack.  Natural  rubber  (R-25)  with 
its  high  chemical  unsaturation  (presence  of  double  bonds)  is  among  the 
most  susceptible  of  polymers  to  oxidation.  Nevertheless,  natural  rubber 
was  included  in  this  study  since  it  is  still  widely  used,  especially  in 
items  such  as  water  pipe  gaskets. 

Modification  of  polymer  chains  by  addition  of  electrophilic  side 
groups  such  as  chlorine  in  neophrene  rubber  (R-5)  has  a  protective 
influence  on  the  double  bond.  This  is  generally  more  permanent  protec¬ 
tion  than  is  reliance  upon  antioxidants,  which  are  used  up  in  the 
performance  of  their  function.  Where  oxidation  rates  are  very  low, 
antioxidants  may  provide  satisfactory  protection. 

The  effect  of  ozone  on  polymers  is  similar  to  normal  oxidation  in 
that  it  attacks  the  double  bond  but  the  process  is  simpler  since  the 
attack  is  direct.  An  energetic  reaction  occurs  as  a  result  of  the 
electrophilic  character  of  ozone.  Scission  of  the  double  bond  occurs  in 
a  reaction  between  the  electron-deficient  terminal  oxygen  atom  of  the 
ozone  molecule  and  the  electrons  of  the  double  bond,  ultimately 
resulting  in  the  formation  of  polyperoxide  and  carbonyl  compounds. 

Unlike  oxidation,  in_£>zona  tion  the  thin  film  of  the  ozone  reaction 
product  (approximately  10  ram)  is  sufficient  to  restrict  the  access 
of  ozone  molecules  to  the  underlying  rubber  if  the  rubber  is  unstrained. 
Therefore,  unless  rubber  is  strained  (usually  beyond  3  to  5  percent 
elongation),  it  appears  not  to  have  been  affected  by  ozone  and  indeed 
suffers  no  significant  damage.  In  the  strained  state,  cracks  appear 
which  generally  vary  inversely  in  depth  and  directly  in  number  to 
the  degree  of  strain,  with  little  change  in  the  rubber  between  cracks. 

As  would  be  suspected  the  resistance  of  different  rubber  products 
to  ozone  attack  is  similar  to  their  resistance  to  oxidation. 

No  unusual  behavior  of  rubber  or  plastic  products  with  regard  to 
oxidation  has  been  experienced  in  this  study.  The  only  attack  of  oxygen 
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^°2i.0r  ?3'>  Mfit  is  significant  is  ozone  cracking  in  the  natural 
ruBber  (K-25)  and  in  the  nitrile-butadiene  rubber  (R-34).  These  two 
materials  were  highly  sensitive  to  ozone.  In  tests  conducted  at  the 
Bureau  of  Reclamation  Laboratories,  both  materials  developed  cracking 
within  8  hours  when  exposed  to  an  atmosphere  of  0.5  ul/1  ozone  at  38°C 
Initial  ozone  cracking  could  also  be  observed  after  12  days  in  the 
laboratory  atmosphere  of  less  than  0.05  ul/1  ozone  and  approximately 

O  to 


It  is  significant  that  no  difference  in  cracking  was  observed  in 
any  of  the  three  zones  nor  was  there  any  increase  in  cracking  between 
the  3-  and  9-month  inspections.  There  was  a  difference  in  severity 
between  sites  corresponding  to  least  delay  (Tapia)  and  greatest  delay 
(Westgate)  m  the  time  between  stressing  the  specimens  and  installation 
at  the  sites.  (It  was  necessary  to  stress  the  specimens  prior  to 
s  lpment. )  Specimens  of  natural  rubber  stressed  at  the  same  time  as  the 
Westgate  specimens  and  immersed  in  tap  water  at  the  Bureau  of  Reclama¬ 
tion  Laboratories  at  the  same  time  that  the  Westgate  specimens  were 
installed  show  nearly  identical  severity  of  ozone  cracking  at  a  9-month 
inspection  as  the  Westgate  specimens,  whereas  specimens  immersed  immedi¬ 
ately  after  stressing  showed  no  evidence  of  cracking.  Therefore,  it  is 
concluded  that  the  cracking  occurred  before  samples  were  installed  at 
t  e  test  sites  and  not  as  a  result  of  the  oxygenated  wastewater  environ- 


Thxs  environment  does  not  represent  a  very  severe  oxidation  envi¬ 
ronment  insofar  as  higher  polymers  are  concerned.  This  is  evidenced  by 
the  lack  of  substantial  difference  in  physical  properties  between 
the  tap  water  and  the  wastewater  specimens,  as  well  as  between  specimens 
exposed  in  gas  and  liquor  zones.  It  is  also  indicated  by  the  relative 
stability  after  the  3 -month  exposure  in  the  undamaged  natural  rubber  and 
the  nitrile-butadiene  rubber  which,  among  polymers  selected  for  this 
study,  are  known  to  be  the  most  sensitive  to  oxidation. 


2.  Biological  attack.  -  Certain  types  of  bacteria  can  utilize 
ydrocarbona ,  including  rubber,  as  energy  sources  in  their  metabolism, 
i  esPrv'ac^  detei iorat ion  of  natural  rubber  water  pipe  joint  gaskets  in 
Europe  has  been  reported  to  be  the  result  of  attack  by  two  types  of 
bacteria  of  the  genus  streptomyces .  No  deterioration  of  synthetic 
rubbers  (other  than  poly isoprene)  has  been  reported  in  Europe  and  no 
deterioration  of  natural  rubber,  widely  used  for  pipe  gaskets  in  the 
United  States .has  been  reported  .  Accelerated  soil  micro-organism  tests 
conducted  by  the  Bureau  of  Reclamation  on  several  rubber  products 
(mainly  butyl  and  ethylene  propylene  diene  monomer)  have  shown  no 
adverse  effect:  after  10  years  of  exposure.  It  appears  that  rubber 
compounds  most:  resistant  to  oxidation  and  ozone  attack  may  possibly  be 

^SlfitTant  ^tack  by  mico-organisms.  Indeed,  P.  B.  Dickenson, 
in  the  Rubber  Journal  (August  1965),  opines  that  biological  degradation 
o  rubber  must  be  preceded  by  an  oxidation  process  that  breaks  the  long 
ydrocarbon  chain  into  shorter  molecules  which  may  then  be  consumed.  In 
contradiction  to  this,  some  evidence  of  bacteria  attack  on  the  highly 
oxidation-resistant  silicone  rubbers  has  been  reported  and  butyl  rubber 
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may  be  affected  by  sulfate-reducing  bacteria.  The  polyethylene  family 
of  polymers,  including  chlorinated  (B-6475)  and  chlorosulfonated  poly¬ 
ethylene  (R-18),  appears  to  be  highly  resistant  to  micro-organism 
attack,  as  is  the  polyvinyl  chloride  (PVC)  resin,  although  plasticizers 
used  in  flexible  PVC  (B-6414)  are  commonly  attacked  with  resultant 
stiffening  of  the  material. 

Results  of  these  tests  indicate  some  samples  have  suffered  biologi¬ 
cal  attack.  One  natural  rubber  (R-25)  sample  after  9  months  of  exposure 
in  the  mixed  liquor  at  the  Tapia  site  showed  some  sign  of  localized 
attack.  Several  small  circles  (3  to  6  mm  in  diameter)  showed  discolor¬ 
ation  and  pitting  accompanied  by  deterioration  to  a  depth  of  approxi¬ 
mately  1  mm.  Discoloration  in  one  silicone  rubber  may  also  have 
resulted  from  micro-organism  attack.  The  flexible  PVC  has  shown  some 
stiffening  as  well  as  some  increase  in  yield  strength  indicating  attack 
on  the  plasticizer.  However,  the  increase  in  strength  indicates  no 
resin  attack.  During  more  than  10  years  of  USBR  field  experience  with 
flexible  PVC  in  canal  lining,  the  relatively  slow  loss  of  plasticizer 
has  caused  no  problems  where  protection  from  mechanical  damage  has  been 
maintained.  The  plasticizer  loss  eventually  produces  a  rigid  PVC 
sheet.  Rigid  PVC  has  been  used  as  a  liner,  but  it  is  difficult  to 
handle  during  installation,  does  not  conform  well  to  uneven  subgrades, 
and  in  general  is  more  labor-intensive  than  flexible  PVC  sheets. 

3.  Water  attack.  -  Reaction  of  water  with  polymers  merits  serious 
study  especially  where  continuous  immersion  is  involved.  In  this  study 
water  reaction  may  have  less  potential  for  deterioration  than  micro¬ 
organism  attack.  The  reason  for  this  is  the  high  availability  of 
micro-organisms  in  the  wastewater  and  because  only  materials  known  to  be 
resistant  to  water  attack  were  selected  for  exposure.  However,  for 
certain  materials,  water  attack  may  be  of  primary  significance. 

Although  some  studies  have  shown  that  in  aerated  water,  immersion 
oxidation  rates  are  reduced,  other  properties  may  be  affected. 

As  in  the  case  with  oxidation,  reaction  of  polymers  with  water  may 
lead  to  chain  scission  (softening  and  decompositon)  or  to  cross  linking 
(hardening  and  brittleness).  Previous  USBR  experience  has  shown 
embrittlement  occurring  in  the  polyacrylate  (R-27)  from  water  attack 
although  at  somewhat  higher  temperature  than  occurs  in  wastewater 
treatment  plants.  The  polyacrylate,  therefore,  was  closely  observed  for 
indications  of  water  attack.  Attack  of  water  on  polymers  must  be 
preceded  by  permeation  of  the  water  through  the  bulk  of  the  polymer. 

This  is  usually  accompanied  by  some  evidence  such  as  unusual  softening 
or  swelling  which  has  not  been  observed  in  the  polyacrylate.  Further  the 
changes  in  the  physical  properties  of  the  polyacrylate  although  somewhat 
erratic  appear  to  have  stabilized. 

4.  Physical  damage.  -  A  wide  variety  of  physical  abuse  has  been 
encountered  by  samples  exposed  to  the  three  sites  in  this  study  and  at 
least  as  wide  a  range  can  be  expected  elsewhere.  The  principal  damage 
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specimens  and  ^dierUcMtcrS”^  ^  ^  8iUcone  <R~32  and  -532) 

(B-6468)  and  one  reinforced  butyl (8^6464)  ’ "^i' Chl°rinated  Polyethylene 
Westgat€  plant.  y  lB  6464)’  all  at  the  interface  of  the 

samples  occurred^^the  int^rf aceSlocaH q11^8  °f  bUtyl  and  EPDM  rubber 
suspected  by  plant  operators d“Lg “he  “  ^  ^  ^  ^  WM 

encountered,  in  localities  where  Lhi  peri°d  ln  whlch  swelling  was 
liquid  hydrocarbons  occur,  the  W-te^f  f f  COnj;lnuous  contact  with 
be  investigated.  8  effect  of  such  exposure  should 

Protective  Coatings 

exposed  iTtl  -ti„8s  specimens 

performance.  Performance  of  coatings  affe/elch  T“  e*tabllshed  to  reflect 
exposure  tone  at  the  three  test  .itf. 

1 .  No  defects . 

2.  Defects  attributable  to  scoring  nt  m, 

such  as  olistering  around  the  score  onlv  6  prolTectlve  coating  film, 

as  by  impact  or  abrasion.  y’  °r  mechanically  induced,  such 

did  not  impair rthe "protective  effect ivenes^eCf  T  38  °ne  which 

include  blistering  of  the  topcoat  only  J*f"' 'In'bSer^""’1" 


4.  Severe  defects, 
blistering . 


Severe  defects  include  cracking  and  gross 


-thefat^i-z^iL^^r::  tiirxTi  rinu°vm^  - 

manageable!^  V“ri°US  Peri°dS  °f  ia  tones  of^hre^  L's^sK,^08 

The  performance  of  standard  tjqrr  ,'mmo 

tar  enamel,  and  coal-tar  epoxy,  in  these  exnos"  C°atlngS?  VR“3-  VR-6,  coal- 
Whereas  these  materials  normallv  nrm^  posures  was  disappointing. 

With  minimal  maintenance  °f  2°  yea“  01  •«*«. 

only  short  exposure  perils  in  ^ 

susceptible  to  blis!ering“thl  eo S 1 - c i r *  VR 7 & r ’'inyl  systems  proved  to  be 
coal-tar  epoxy  to  slight nllig.t"  cracking  Pa“er"  »»d  the 

It  is  interesting  to  note,  however  than  nf  t-u 
under  standard  specifications  exposed  rh«  ?f  ^  Coatln8s  obtainable 
to  be  most  resistant.  P  ’  h  coal-tar  epoxy  and  the  VR-6  proved 
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The  cracking  of  the  coal-tar  enamel  coating  which  resulted  in  an  overall 
evaluation  in  the  nonresistant  category  is  difficult  to  explain.  This 
coating  is  projected  to  have  a  50-  to  100-year  service  life  in  Bureau  applica¬ 
tions.  It  is  surmised  that  the  highly  oxidative  nature  of  oxygenated  waste- 
water  resulted  in  scission  of  the  coal-tar  polymer  chains.  Heretofore, 
cracking  of  this  enamel  has  been  experienced  only  when  exposed  to  cold 
temperature  and  to  sunlight  exposure. 

Both  coatings  which  received  highly  resistant  ratings  for  steel  also 
received  highly  resistant  ratings  when  tested  over  concrete.  These  were  the 
phenolic-epoxy  and  urethane  coatings,  both  proprietary  materials.  At  that 
point,  similarity  of  performance  over  the  two  substrates  ceased  to  exist. 
Whereas  8  of  the  14  coatings  applied  to  steel  were  rated  resistant  or  higher, 
only  5  of  the  10  coatings  tested  on  concrete  substrate  achieved  this  rating. 

In  addition,  whereas  three  materials  received  a  moderately  resistant  rating 
when  applied  to  steel,  none  of  the  coatings  tested  on  concrete  achieved  this 
rating.  These  comparisons  indicate  that  concrete  surfaces  are  more  difficult 
to  protect  by  coating. 

Joint  Sealers 


Of  the  five  joint  sealers  exposed,  only  one,  the  single  component, 
low-modulus  silicone  sealant  survived  the  test  free  of  defect.  Commonly  used 
sealers  for  such  applications,  including  the  urethane  and  silicone,  both 
two-component  materials  conforming  to  Federal  Specifications  TT-S-00227, 
failed  to  maintain  bond  to  the  concrete  in  these  tests,  whereas  the  two- 
component  polysulfide  material,  also  conforming  to  TT-S-00227,  displayed 
surface  distress  but  no  adhesion  or  cohesion  failure. 


The  continuous  stress  imposed  on  the  sealants  during  these  tests,  i.e., 
25  percent  tensile  and  25  percent  compressive,  is  quite  severe.  Neverthe¬ 
less,  recognizing  that  Federal  Specification  TT-S-00227  requires  materials 
resistant  to  a  total  joint  movement  of  50  percent  and  since  the  same  stresses 
were  applied  to  all  sealants,  the  test  should  not  be  considered  unfair. 


These  test  results  should  not  be  used  out  of  context,  i.e.,  the  stress 
imposed  during  these  tests  should  be  compared  to  stresses  to  be  expected  by 
the  design  of  specific  joints.  However,  since  the  single-component,  low- 
modulus  silicone  material  performed  without  defect  when  stressed  to  25 
percent  extension  and  compression,  one  can  safely  assume  that  this  sealer 
would  perform  well  at  lower  stress  levels  also.  Also,  if  such  lower  stress 
levels  are  anticipated,  although  the  polysulfide  material  rated  higher  than 
either  the  two-component  silicone  or  the  urethane  sealers,  the  selection  of 
the  latter  materials  is  indicated  because  the  silicone  and  urethane  materials 
themselves  were  not  attacked  as  were  the  polysulfide  sealants. 
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SECTION  8 


DISCUSSION  OF  ECONOMIC  IMPACT 

Some  of  the  materials  recommended  for  an  oxygen  activated-sludge  plant, 
as  indicated  by  the  results  of  these  tests,  are  more  expensive  than  those 
ordinarily  used  in  conventional  activated-sludge  plants.  The  cost3  of 
necessary  materials  substitutions  and  additional  requirements  were  considered 
in  order  to  evaluate  the  economic  impact  of  the  materials  recommendations. 

This  3tudy  was  limited  to  comparison  of  relative  costs  of  materials 
exposed  in  those  plant  locations  where  elevated  oxygen  concentrations  occur 
as  a  result  of  oxygen  injection:  in  the  aeration  basins  (mixed  liquor  tanks) 
and  in  piping,  valves,  etc.,  between  aeration  basin  outlets  and  secondary 
clarifier  inlets.  Components  in  these  locations  include  the  concrete  tanks 
and  covers  (if  any)  of  the  aeration  basins  and  various  flow  channels;  slide 
gates  and  sluice  gates;  waterstops  and  joint  sealers;  piping  and  valves; 
metal  railings,  probes,  hardware,  etc.;  plus  protective  coatings  as  required 
for  these  surfaces.  The  corrosion  potential  in  other  plant  locations  would 
be  essentially  the  same  as  in  a  conventional  plant.  Since  special  equipment 
for  mixing  and  for  generating  and  handling  oxygen  are  not  required  in  a 
conventional  plant,  costs  for  these  items  were  not  evaluated.  Other  cost 
differentials,  such  as  for  operating  costs  and  capital  costs  due  to  the 
differences  in  processes  (for  example,  aeration  basin  size)  are  not  within 
the  scope  of  this  study. 

The  wide  range  of  wastewater  treatment  plant  designs  made  it  impossible 
to  determine  a  single  set  of  traditionally  used  materials  for  either  conven¬ 
tional  or  oxygen  treatment  plants.  Obtaining  general  materials  cost  data 
applicable  to  either  type  of  plant  was  also  not  feasible.  However,  by 
considering,  in  detail,  the  designs  and  materials  specifications  of  two 
typical  oxygen  plants  and  the  costs  of  using  alternative  materials,  it  was 
possible  to  ob:ain  sufficient  information  to  draw  an  overall  conclusion  in 
regard  to  economic  impact;  namely,  that  the  additional  costs  of  corrosion- 
resistant  materials  recommended  for  an  oxygen  plant  are  negligible  as  com¬ 
pared  to  total  construction  costs. 

Chosen  for  economic  evaluation  were  the  Englewood-Littleton,  Colorado 
plant  and  the  new  expansion  of  the  Denver  Metropolitan  Sewage  District 
plant,  both  currently  under  construction.  The  880-A/s  (20-Mgal/d)  Englewood- 
Littleton  plant:  uses  Food  Machinery  Corporation's  (FMC)  MAROX  system  and  was 
designed  by  Henningson,  Durham,  and  Richardson  (HDR).  The  3200-Vs 
(73  -Mgal/d)  Denver  Metro  plant  addition  contains  Union  Carbide's  UNOX  system 
and  was  designed  by  CH2M-Hill. 


These  sewage  districts  and  engineering  design  firms  were  contacted  to 
obtain  specific  details  concerning  relevant  components  and  materials  of 
construction.  Upon  studying  the  designs,  specifications,  and  some  cost  data 
for  the  two  plants,  it  became  apparent  that  the  present  materials  recommen¬ 
dations  would  have  the  greatest  economic  impact  on  the  costs  of  sluice  or 
slide  gates.  However,  it  also  developed  that  the  installed  costs  of  these 
gates  and  their  differential  costs  among  alternative  materials  were  clearly 
insignificant  as  compared  to  the  overall  construction  costs,  which  are 
dominated  by  costs  of  concrete  structures.  These  two  case  studies  are 
detailed  below. 

Case  I:  Englewood-Litt leton  Plant 


In  the  Englewood-Littleton  plant,  all  specified  materials,  with  one 
exception,  are  in  agreement  with  the  present  materials  recommendations.  This 
exception  is  that  the  slide  gates  are  constructed  of  aluminum  rather  than  of 
a  more  corrosion-resistant  material.  According  to  the  project  engineer  for 
HDRS  aluminum  was  chosen  because  it  traditionally  has  been  used  for  slide 
gates  in  conventional  plants.  HDR  considered  that  specifying  a  more 
corrosion-resistant  material  was  not  necessary,  although  they  were  not  aware 
of  any  corrosion  data  or  operating  experience  with  the  MAROX  system  to 
substantiate  their  selection  of  aluminum.  They  based  their  choice  upon  past 
performance  in  conventional  plants. 

The  costs  of  the  aeration  basin  slide  gates  for  the  Englewood-Litt leton- 
plant  were  obtained  from  the  local  re spresentat ive  of  ARMCO  Steel  Corporation, 
the  manufacturer  of  these  gates.  ARMCO  also  supplied  cost  data  for  gates  con¬ 
structed  of  th^  recommended  materials.  A  cost  of  coating  with  coal-tar  epoxy 
[$30/m  ($3/ft  )  of  surface  installed,  which  may  be  conservatively  high] 

was  used  to  calculate  costs  for  epoxy-coated  carbon  steel  slide  gates. 

Results  (table  39)  indicate  that  the  additional  cost  of  using  stainless 
steel  as  compared  to  aluminum  is  only  $12,600  for  all  78  gates  and  is  clearly 
insignificant  in  comparison  to  the  total  plant  cost  of  just  over  $20,000,000. 
These  results  also  indicate  that  a  savings  would  have  been  realized  by  using 
coal-tar  epoxy  coated  mild  steel  slide  gates  as  compared  to  the  unprotected 
aluminum.  However,  the  corrosion  and  abrasion  resistance  of  material  for 
construction  of  components  exposed  to  severe  abrasion  and  wear,  e.g.,  gate 
seals  and  seal  contact  surfaces,  should  be  considered  since  on  these  areas, 
protective  coatings  can  be  quickly  worn  away. 

The  above  slide  gates  are  for  low-pressure  applications.  Higher  heads 
[greater  than  15  kPa  (5  feet  of  water)]  would  require  different  designs  of 
sluice  gates  and  different  materials  such  as  cast  iron.  For  example,  the 
cost  of  an  ARMCO  0.61-  by  0.61-m  (24-  by  24-inch)  cast  iron  sluice  gate  is 
$1,750,  and  of  a  similar  1.5-  by  0.76-m  (60-  by  30-inch)  gate,  $4,900. 

Adding  an  epoxy-coal-tar  coating  would  increase  each  of  these  prices  by  less 
than  $200.  Again  wear  surfaces  would  require  special  consideration. 
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Case  II:  Denver  Metro  Plant 


In  the  Denver  Metro  plant  addition,  all  materials  in  the  covered  aera¬ 
tion  basins  and  piping  to  the  secondary  clarifiers  are  in  agreement  with 
present  materials  recommendations.  Sluice  gates  are  coal-tar  epoxy  coated 
cast  iron.  Waterstops  and  joint  sealers  consist  of  such  recommended  materials 
as  neoprene  rubber  and  polysulfide  sealant,  respectively.  Concrete  is  the 
predominant  material  used  in  the  aeration  basins  and  represents  the  largest 
cost . 


The  costs  of  the  cast  iron  sluice  gates  (complete  installation  including 
stems,  hoists,  anchor  bolts,  etc.)  as  supplied  by  their  manufacturer,  Rodney 
Hunt  Company,  are  given  in  table  40.  Also  listed  are  prices  w^ich  include 
the  additional  costs  of  epoxy  coal-tar  coating,  assuming  $30/m  ( $ 3/ ft  ) 

for  coating  materials  and  labor.  Note  that  the  relative  cost  of  adding  this 
coating  is  less  than  1  percent  of  each  gate  price,  but  some  surfaces  of  the 
gate  may  not  be  suitable  for  coating,  e.g.,  high  wear  areas. 

Prices  for  various  sizes  of  fabricated  slide  gates  of  aluminum  and 
stainless  steel  (table  41)  were  also  obtained  from  the  Rodney  Hunt  Company. 
Although  these  slide  gates  have  the  same  opening  as  the  sluice  gates  in  table 
40,  they  would  probably  not  be  serviceable  at  the  Denver  Metro  plant  because 
of  the  higher  heads  and  other  requirements.  Note  that  these  cost  data  agree 
with  those  in  table  39;  aluminum  slide  gates  prices  are  less  than  20  percent 
cheaper  than  those  of  stainless  steel  in  these  sizes. 

A  rough  estimate  of  the  installed  costs  of  waterstops  and  joint  sealers 
in  the  Denver  Metro  aeration  basins  was  $12,000.  Variations  in  this  value 
among  various  materials  alternatives  were  found  to  be  insignificant  (instal¬ 
lation  is  the  largest  portion  of  total  waterstop  or  joint  sealer  cost)  as 
compared  to  total  capital  cost.  Total  cost  of  the  Denver  Metro  plant  addi¬ 
tion  is  about  $25,000,000. 


TABLE  41.  COMPARISON  OF  COSTS*  OF  SLIDE  GATES  CONSTRUCTED  OF 

STAINLESS  STEEL  AND  ALUMINUM 


Cost 


Gate  size 

Stainless  steel 

Aluminum 

1.2  m  by  1.2  m  (48  in  by  48  in) 

$4,444 

$3,508 

0.7  m  by  1.2  m  (30  in  by  48  in)** 

7,779 

7,059 

5  m  by  1.2  m  (60  in  by  48  in) 

7,079 

5,648 

1.0  m  diameter  (42  in  diameter) 

4,778 

4,018 

*  Provided  by  the  Rodney  Hunt  Company.  Comparisons  between  tables 
should  not  be  made  because  of  differences  in  accessories  and 
gate  applications  * 

**  Includes  cost  of  a  special  electric  operator* 
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APPENDIX 


Typical  Concrete  Mix  Data 


Type  II  and 
polymer- impregnated 


Type  V 


Cement,  Laboratory  No. 
Aggregate  source 
Cement  content, 
cement/ concrete 
Sand  content,  percent 
by  volume  of  aggregate 
Water-cement  ratio 
by  weight 
Slump 

Entrained  air,  percent 
Total  aggregate, 
aggregate/concrete 


M-6400 

Clear  Creek  1/ 

977  kg/m3  (549  lb/yd3) 

42 

0.51 

76 . 2  mm  (3.0  in. ) 

5.6 

5319  kg/m3  (2990  lb/yd3) 


M-5207 

Clear  Creek  1/ 

934  kg/m3  (525  lb/yd3) 

42 

0.51 

83.8  mm  (3.3  in.) 

6.0 

5367  kg/m3  (3017  lb/yd3) 


Frojrms31  a88re8ate  dep°Sit  U86d  in  Bureau  ot  Reclamation  concrete  testl^ 


Aggregate  Gradation 


Sand 

No.  sieve  2/ 

Opening  (mra) 

Percent 

retained 

Pan  -  5 

100  0.149  16 

50  0.297  24 

30  0.59  25 

16  1.19  15 

8  2.38  15 

Total  100 


2/  U.S.  Standard  sieves. 


_ _ Coarse  aggregate _ 

Size  Percent 

4.76-9.53  mm  (4-3/8  in.)  40 

9.53-19 .05  mm  (3/ 8—3 /4  in.)  60 

100 


111 


Type  II  and  Type  V  portland  cement  concrete  specimens  were  cured  for  14 
days  at  23°K  (73.4°F)  and  100  percent  relative  humidity.  The  specimens  were 
then  stored  at  23°K  (73,4°F)  and  50  percent  relative  humidity  until  shipped  to 
the  test  site  for  exposure. 

Concrete- impregnation  Procedure 

Specimens  prepared  for  impregnation  were  treated  as  follows: 

1.  Cure  -  10  days  at  100  percent  RH,  23°K  (73.4°F). 

2.  Dried  in  oven  at  163°K  (325°F)  for  24  to  72  hours. 

3.  Cooled  to  room  temperature  for  24  hours. 

4.  Weighed  to  nearest  0.1  gram. 

5.  Specimens  impregnated: 

a.  Vacuum  of  100  kPa  (1  atmosphere)  applied  to  impregnator  for 

period  1/2  hour 

b.  Impregnant,  methyl  methacrylate  (MMA)  monomer  catalyzed 

with  a,  0,  butylazo  isobutryonitrile,  stirred  for 
1/2  hour 

c.  Impregnant  introduced  into  impregnator  while  vacuum  was 

being  maintained 

d.  Vacuum  released  from  impregnator  and  376  kPa  (40  lb/in^g) 

pressure  applied  using  compressed  air 

e.  Pressure  soaked  in  catalyzed  monomer  for  1  to  1-1/2  hours 

f.  Pressure  reduced  to  100  kPa  (atmospheric) 

6.  Polymerization  of  catalyzed  monomer- impregnated  specimens  was 
accomplished  by  wrapping  in  foil  and  heating  in  oven  to  75°C  (167°F)  for 
a  period  of  16  hours  and  allowed  to  cool  to  room  temperature. 

7.  Specimens  weighted  to  nearest  0.1  gram. 

Percent  loading  was  calculated  for  each  specimen  from  the  impregnated 
and  dry  weights.  Average  loading  was  6.47  percent  by  weight. 

Metals  and  Alloys 

Corrosion  coupons  for  the  stressed  and  unstressed  corrosion  tests  were 
procured  from  Corrosion  Test  Supplies  Company,  Baker,  Louisiana.  Data 
contained  on  certificates  submitted  are  shown  in  table  1. 

The  circular  unstressed  and  rectangular  stressed  corrosion  specimens 
were  prepared  for  exposure  as  follows: 

1.  Degreased  in  hot  vapor  degreaser  using  perchloroethylene 

solvent 

2.  Washed  with  grit  soap  until  free  of  water  breaks 
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where 


or : 


where 


3*  Sensitized  specimens  (304  and  316  SS  only)  were  then  heated  to 
650°C  (1200°F)  for  1  hour  and  cooled  slowly 

4.  Circular  coupons  weighed  to  nearest  0.1  milligram 

3.  Mount  circular  coupons  on  corrosion  test  spools 

6.  Stress  rectangular  specimens  [bend  over  25.4-mm 
( 1-inch  mandrel) ] 

Cleaning  procedure  following  exposure  was  accomplished  as  follows: 

1.  Photograph 

2.  Wash  carefully  to  remove  all  soluble  material  with  soap 

3.  Chemical  cleaning  of  respective  specimens  as  shown  below: 

Stainless  steels:  Washing  with  soap  using  a  stiff-bristle 
brush  and  rubber  stopper 

Cast  iron,  mild  steel,  low  alloy  steel,  and  austenitic  cast 
iron:  Immersion  in  hot  caustic  solution  (20  percent  sodium 

hydroxide  with  200  grams  of  zinc  dust  added  per  liter), 
followed  by  washing  with  soap  using  a  stiff-bristle  brush 
and  rubber  stopper 

Copper:  Immersion  in  70  percent  nitric  acid  solution  followed 

by  washing  with  soap  using  stiff-bristle  brush  and  rubber 
stopper 

4.  Drying  and  weighing  to  nearest  0.1  milligram 
Corrosion  rate  was  calculated  using  the  following  formula: 


Corrosion  rate 


=  (WL)  x  (534) 

(D)  x  (A)  x  (T) 


Corrosion  rate  is  in  mils/year 

D  is  the  metal  density  in  grams/cubic  centimeter 
A  is  the  surface  area  of  the  coupon  in  square  inches 
T  is  the  exposure  time  in  hours,  and 
WL  is  the  weight  loss  in  milligrams 


Corrosion  rate 


WL 

DAT 


Corrosion  rate  is  in  millimeters/year  ^ 

D  is  the  metal  density  in  milligrams/mm  , 
A  is  the  surface  area  of  the  coupon  in  mm' 
T  is  the  exposure  time  in  years 
WL  is  the  weight  loss  in  milligrams 


f 
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Steel  Reinforcement  in  Concrete 


Polarization  Break  Method  of  Determining  Corrosion  Rates  of  Steel  Reinforce¬ 
ment  Embedded  in  Concrete 

Sketch  of  test  schemtic  is  shown  below. 


Polarisation  currs  app&ratua 


Current  is  slowly  increased  by  decreasing  the  resistance  (variable 
resistor)  until  the  impressed  current  is  sufficient  to  overcome  the  anodic 
corrosion  current.  This  point  is  determined  by  plotting  the  steel  to  elec¬ 
trolyte  potential  versus  the  log  of  the  impressed  current  (E  log  I  curve). 
The  anodic  current  is  the  current  at  the  break  in  the  E  log  I  curve.  Simi¬ 
larly  the  cathodic  corrosion  current  is  determined  by  reversing  the  polarity 
of  the  cell.  The  corrosion  current  is  then  computed  from  the  formula  below: 


la  1c 
la  +  Ic 


where:  I  is  the  corrosion  current  (amperes) 

la  is  the  anodic  current  (amperes) 

Ic  is  the  cathodic  current  (amperes) 

The  corrosion  rate  is  then  computed  as  follows: 

W  “  F  x  I  x  t 

where:  W  is  the  weight  loss  due  to  corrosion 

F  is  Faraday's  Number,  9.07  kg/ampere/yr  (20  lb/ampere/yr )  for  steel 
t  is  time  (years) 


i 
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